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ABSTRACT 

A  study  is  being  conducted  at  the  Nava!  Supersonic 
Laboratory  to  determine  the  feasihiiity  of  a  new  method  of 
rocket  thrust  control.  The  method  is  one  in  which  the  in¬ 
jection  of  a  secondary  flow  throttles  the  primary  or  main 
nozzle  flow. 

The  initial  phase  of  the  work  centered  around  the 
use  of  a  low  pressure -ratio  nozzle  exhausting  to  atmos¬ 
phere.  A  variety  of  secondary  injection  configurations 
v.-erc  ;d.  Ail  of  these  were  located  in  the  throat  region 
of  the  main  nozzle.  Asymmetric  (axially)  as  well  as 
symmetric  configuration^  were  investigated- 

Results  obtained  thus  far  indicate  that  significant 
flow  throttling  can  be  achieved  through  secondary  injection. 
Nozzle  thrust  is  directly  proportional  to  total  flow  and  total 
flow  is  approximately  linearly  related  to  secondary  injec¬ 
tion  rate.  Performance  is  a  strong  function  of  injection 
angle  but  insensitive  to  injection  orifice  arrangement  or 
asymmetry  A  relatively  simple  analytical  model  was 
devised  which  agrees  with  the  flow  thr  -tiling  data. 


TR  430 

CONFIDENTIAL 


CONFIDENTIAL 


1AIU.I-:  OF  contf:nis 


Section  Pa^e 


ABSTRACT .  ... 

LIST  OF  ILLUSTRATIONS .  vii 

LIST  OF  SYMBOLS .  i>; 

I.  INTRODUCTION  .  1 

II.  FARLY  WORK .  i 

A.  United  Aircraft  Corporation .  3 

B.  NACA  .  5 

1.  Model  and  Instrumentation  ....  5 

d..  Test  Results .  6 

a.  Symmetric  Injection  ....  L 

b.  .Asymmetric  Injection  ...  7 

3.  Summary .  8 

III.  THEORY  OF  THE  AERODYNAMICALLY 

VARIABLE  NOZZLE .  11 

A.  Martin  Theory .  11 

1.  Mixing  Process  Case .  l*i 

d.  Vortex  Sheet  Case .  15 

i.  Th  eoretical  Results  and  Experiment.  17 

a.  .Secondary  Flow .  17 

b.  Flow  Throttling .  18 

*1.  .Summ.ary .  ?.l 

B.  NSL  Theory .  21 

1.  Water  Table  Study .  22 

Z.  Mrtrlin  Models .  2,? 

.1.  .'lev  or.'jary  !•  low .  Z4 

b.  Mixing  Process  (^ase  .  ...  25 

t  .  V'ort*  X  Sheet  Case .  Zb 

d.  Flow  rhiotlling  Results  .  .  .  26 


I  R  -.30  '■  V 


Page 


tti 


vii 

ix 

1 

3 

3 

5 

5 

5 

6 
f 

8 

11 

11 

12 

15 

17 

17 

13 

21 

2 

2  1 
23 
2- 
2‘ 
2t 
2t 


confidential 


CONFIDENTIAL 


rAHI.L  fC(.''N  I  i'^N  rs  ( Ootu" iiid r<l) 


.Si*c  tioji 

Ru;.- 

Pa^e 

III. 

Contitiui 

<1 

L  NSL  Flow  Modi- Is . 

^  / 

li 

—  -  a.  Secondary  Flow  .... 

20 

23 

b.  Secondary  Mivinj;  Case  . 

2H 

28 

c.  Sheet  Flow  Caae . 

29 

29 

d.  Secondary  Exp.insion  Case  . 

JO 

iO 

e.  Flow  Throttling . 

11 

31 

IV. 

i:xpi:RiMF:NrAL  results . 

35 

35 

A. 

Model  Details  and  Test  Conditions 

3  5 

35 

1.  Air  Supply  System . 

35 

35 

Z.  Model  Arrangement . 

36 

36 

i.  Noz/.le  Dcsn»n . 

3  7 

37 

4.  Injerlion  Configurations . 

38 

38 

n. 

Test  Results . 

40 

40 

1.  Flow  Throttling . 

40 

40 

Z.  Thrust  Control . 

44 

44 

3.  Nozzle  Pressures  . 

45 

45 

V. 

CONCLUSIONS  AND  FUTURE  WORK . 

49 

49 

VI. 

REFER  I 

51 

51 

I'K  M'.) 


CONFIDENTIAL 


CONFIDENTiAl 


i.ISr  OF  ILLUSTRA  TION'S 


i.  ISffcct  of  I’rimary  Prosstiro  Ratio  ( Ro /f>,i J-'low 

(NAC'A  Data) . 

Z.  Lffoct  of  injection  Slot  Wi<lLh  <.>n  Flow  Throttling 

{NACA  Data! . . 

3.  laflucnco  of  Primary  Pr<-8i»ure  Ratio  (Po/Patrn^' 

Injection  Slot  Width,  and  Circumferential  Angle 
of  Injection  {(i)  on  Flow  Thrutiling  (NACA  Data) 

•1.  Influence  of  Primary  Preeaure  Ratio  { Po tjii ) . 

Injection  Slot  Width,  and  Ci  .•cumferential  Angle  of 
Injection  {(i)  on  Side  Force  (NACA  Data) . 

b.  Variation  of  Secondary  Mach  Number  M,  with 

Secondary  Flow  Ratio  for  Martin  Theoretical 
Models . 

6.  Flow  Throttling  Resu’ts  for  Martin'a  Theoretical 

Models  and  Expe riment  (Ref .  3) . 

7.  Comparison  of  NACA  (Ref.  1)  and  Martin  (Ref.  3) 

Flow  Throttling  Data . 

8.  Flow  Throttling  Results  for  Modified  Martin 

Theoretical  Models . 

9-  Cuiiiparison  of  Flo'.’.  Throttling  Renults  for  N'SL 

and  Modified  Martin  Models . 

10.  Schematic  Diagram  of  Prim.iry  and  Secondary 

Air  Supply  Systems . 

ila.  Model  Arrangenu-nt .  .  .  .  . 

i  lb.  Bellows  Detail . 

IZ.  Nor.ile  Det.iils . 

13.  Model  I...‘il<il lat joc.  . 

I  ■) .  Effect  of  Inicilion  .-■.iigl.’  (6)  .»iil  Number  of  Orifices 

on  Flov.'  J'hrottling . .  .  . 


TR  ilO  Ml 


CONFIDENTIAL 


CONFIDENTIAL 


i 


LIST  OF  ILLUSTRATIONS 


Figure  Page 

i.  Effect  of  Primary  Pressure  Ratio  (Po/Pgtrr.^  Flow 

Throttling  (NACA  Data) .  53 

Z.  Effect  of  Injection  Slot  Width  on  Flow  Throttling 

{NACA  Data) .  54 

3.  Influence  of  Primary  Pressure  Patio  (Po/Patm^' 

Injection  Slot  Width,  and  Circumferential  Angle 

of  Injection  (/3;  on  Flow  Throttling  (NACA  Data)  .  .  55 

4.  Influence  of  Primary  Pressure  Ratio  (Po/Patm^' 

Injection  Slot  Width,  and  Circumferential  Angle  of 
Injection  (0)  on  Side  Force  (NACA  Data) .  56 

5.  Variation  of  Secondary  Mach  Number  Mj  with 
Secondary  Flow  Ratio  for  Martin  Theoretical 

Models . 57 

6.  Flow  Throttling  Results  for  Martin’s  Theoretical 

Models  and  Experiment  (Ref.  3) .  58 

7.  Compar  5  of  NACA  (Ref.  1)  and  Martin  (Ref.  3) 

Flow  Tn;  »!f’.ing  Data  ....  59 

8.  Flow  Throttling  Results  for  Modified  Martin 

Theoretical  Models .  60 

9-  Comparison  of  Flow  Throttling  Results  for  NSL 

and  Modified  .Ma-tin  .  .  .  .  6! 

10.  Schematic  Diagram  of  Primary  and  Secondary 

Air  Supply  Sysifms .  hZ 

11a.  Model  Arrangement  . .  63 

1  lb.  Bellows  Detail .  64 

12.  Nozzle  Details .  65 

13.  Model  !.-..stallation  .  . .  .  66 

14.  Effect  of  In  jectio.n  Angle  { iji )  and  Number  of  Orifices 

on  FIC'.v  Throttling .  .  67 


TR  430 


CONFIDENTIAL 


■ 

■ 

CONFIDENTIAL 

LIST  OF  ILl.USTRA  FIONS  (Concluded) 

Figu-e 

Page 

1 5. 

Effect  of  Slight  Variation  in  Primary  Nos/.Ic 

Contour  on  Flow  Throttling . 

63 

16. 

Influence  of  Number  and  Shape  of  Injection 

Orifices  on  Flo'v  Throttling . 

69 

1  7. 

Comparison  of  Orifice,  Slot,  and  Injejtion  Flow 
Throttling  Performance . 

70 

18. 

Effect  of  Nozzle  Contour  and  Number  of  Injection 
Orifices  on  Flow  Throttling  ...  . 

71 

19. 

Influence  of  Primary  Pressure  Ratio  on  Flow 
Throttling . 

72 

20. 

Comparison  of  Symmetric  and  Asymmetric 

Injection  Flow  Throttling . 

73 

21. 

Comparison  of  NSL  and  NACA  Flow  Throttling  Dota  . 

74 

22. 

Variation  of  Thrust  and  Total  Nozzle  Flow  with 
Secondary  Flow  . 

75 

23a,  b. 

Influence  of  Symmetric  and  Asymmetric  Injection 
on  Nozzle  Pressure  at  Two  Stations . 

76-77 

TR  430 


CONFIDEN 


CONFIDENTIAL 


“1 

bi 


g 

M 


^atm 

Po 

P»s 

R 

R 

T 

T 

To 

To 


LIST  OF  SYMBOLS 

Nozj-.le  exit  area 
Secondary  injection  slot  area 

Secondary  flow  area  where  local  Mach  number  is 
Secondary  flow  area  at  Station  2 

Secondary  injection  orifice  area  (where  local  Mach  number 
is  unity) 

Slot  width 

Width  of  second;iry  flow  at  Station  2  (see  sketches  on 
pages  1 3  and  15) 

Specific  heat  at  constant  pressure 
Specific  heat  at  constant  volume 
Gravitational  constant 
Mach  number 

Secondary  Mach  number  as  flow  enters  nozz’e 
Pressure 

Atmospheric  pressure  ("^  14.7  psia) 

Primary  stagnation  pressure 
Stcoridary  stagnation  pressure 
Gas  constant 

Radius  of  primary  flow  (see  sketches  on  pages  13  and  15) 

Temperature 

Thrust 

Primary  stagnatio.’'-  temperature 

Thrust  with  unrestricted  orimarv  flow  (w  =  0) 

'  s  ' 


TR  430 


CONFIDENTIAL 


CONFIDENTIAL 


-O.  Mr  (Conclude 


<1) 


t''r°o”',2',rr"T“'‘A"*  •“  tropic  ex 


Po  ^^niosphere 


pansion 


rror'I'’  “  Irentroplc 


Po  to  atmosphere 


Po 


from  po^  to 
Primary  flow 

Unrestricted  primary  Tiow  ( 
Secondary  flow 


expansion 


%  =  0) 


0 

Y 

P 

Po 


Circumferential  angle  ov^er  which  injection  t 
Ratio  of  specific  heats 
Density 

Primary  stagnation  density 
Injection  angle  {see  sketch 


akes  place 


on  page  13) 


Subscripts 

<  \  Flow  stations  in  primary  flow,  sec  sketche- 

on  pages  13  and  15 


I  Flow  stations  m  secondary  flow,  see  sketches 
J  on  pages  13  and  15 


Value  at  sonic  speed,  M  =  1 


R  430 


CONFIDENTIAL 


CONFIDENTIAL 


SECTION  I 
INTRODUCTION 

As  modern  rocket  engines  move  toward  the  million  pound  thrust 
range,  the  problem  of  thrust  vector  control  becomes  increasingly  im¬ 
portant.  Gimbal  systems  have  become  enormous  and,  as  yet.  good 
methods  of  engine  throttling  are  virtually  nonexistent.  The  need  for 
more  efi'''ient  systems  is  apparent. 

The  Naval  Supersonic  Laboratory  (NSL),  encouraged  by  the  NACA 
work  reported  in  Ref.  1,  proposed  to  the  Office  of  Naval  Research  (ONR) 
to  undertake  a  program  of  invc8'‘gation  of  a  new  method  of  rocket  thrust 
control.  In  December  1958,  ONR  support  was  furnished  under  Contract 
Non-  1841(61)  to  perform  a  Phase  I  feasibility  study  of  the  problem. 

The  method  of  thrust  control  under  study  here  involves  the  use  of 
a  secondary  flow  which  effectively  throttles  the  main  nozzle  flow.  It  was 
felt  that  symmetric  injection  for  thrust  modulation  and  asymmetric  in¬ 
jection  for  vector  control  should  prove  to  be  efficient. 

The  Phase  I  results  are  summarized  in  detail  in  the  present  re¬ 
port.  These  results  have  been  promising  enough  to  warrant  further 
study  of  the  parameters  affecting  thrust  control. 
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SECTION  II 
EARLY  WORK 

A.  UNITED  AIRCRAFT  CORPORATION 

Control  ol  the  thrust  vector  of  a  nesslc  by  means  of  fluid  in¬ 
jection  was  first  investigated  by  the  Research  Department  of  the  United 
Aircraft  Corporation  (UAC).  The  important  features  of  this  investiga¬ 
tion  are  discussed  briefly  in  this  section. 

The  method,  in  general  terms,  involves  the  injection  of  a 
secondary  gas  into  a  main  nozzle  to  alter  the  main  flow.  In  the  UAC 
studies  {Ref.  2),  the  secondary  gas  was  injected  into  the  supersonic 
(divergent)  portion  of  a  convergent-divergent  nozzle  for  the  purpose  of 
changing  the  thrust  vector  direction.  As  expected,  the  resultant  genera¬ 
tion  of  shock  waves  altered  the  pressure  field  in  such  a  way  as  to  add  to 
the  reaction  force  of  the  secondary  jet.  The  thrust  vector  was  thus 
changed  and  control  was  achieved  by  varying  the  secondary  flow. 

The  UAC  experiments  were  concerned  with  conical  nozzles  and 
several  injection  configurations.  The  conical  divergent  sections  of  all 
of  the  nozzles  had  a  se  ni-verlex  angle  of  J5*.  Nozzle  exit-to*throat 
area  ratios  ranged  from  8.0  to  25.0.  Sonic  and  supersonic  injection 
port  geometries  were  tested  at  various  locations  in  the  primary  nozzles. 
Almost  all  of  the  tests  involved  the  use  of  single  injection  ports;  only  one 
test  had  two  ports,  located  90'  apart.  In  all  cases,  the  injection  port 
axis  was  perpendfcular  to  the  nozzle  wall. 

The  primary  nozzle  throat  diameter  was  0.85  inches  while  the  stag¬ 
nation  pressure  and  temperature  were  320  psia  and  100* F,  respectively. 
Air  was  used  as  the  working  fluid  in  both  the  primary  and  secondary  flows. 
The  secondary  flow  rate  was  varied  to  a  maximum  of  10  percent  of  the 
primary  flow  rale,  both  flows  were  measured  with  flowmeters.  The 
thrust  and  sia».  force  were  measured  directly  by  means  of  strain  gage  tech¬ 
niques. 
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The  UAC  i«casur*»n’ent3  iuuicated  that  side  force  is  directly  pro¬ 
portional  to  secondary  flow  rate.  In  addition,  this  resuH  was  found  to 
be  independent  of  the  primary  noaele  area  ratio  and  pressure  ratio  as 
well  as  the  injcctit  r.  port  location  {whose  range  was  well  into  the  super¬ 
sonic  portion  of  the  nozzle).  In  particular,  the  side  force  generated  js 
approximately  1.4  times  the  calculated  reaction  force  of  the  secondary 
jet.  The  results  for  supersonic  injection  ports  showed  sensitivity  to 
nozzle  contour  in  thai  periormance  improves  with  shaping  for  parallel 
flow  at  the  exit.  However,  supersonic  injection,  per  se,  does  not  in¬ 
crease  the  side  force  induced  in  the  primary  nozzle.  The  conftgu raijo.-! 
with  two  injection  ports  shov./ed  that,  based  on  equal  total  secoudary  tlow 
rates,  the  side  force  generated  in  a  plane  mid-way  between  the  ports 
was  less  than  that  for  a  single  injection  port. 

A  similarity  parameter  was  also  developed  which  correlated  a 
limited  amount  of  previously  obtained  data.  That  data  was  from  both 
cold  and  hot  gas  tests  made  by  UAC  and  the  Naval  Air  Rocket  Test  Sta¬ 
tion,  respectively.  The  parameter  was  derived  from  a  simple  analytical 
approach  which  approximated  the  physical  .situation.  A  ratio  of  .lide 
force  to  thrust  was  developed  of  the  form 


Side  Force  _  /  function  of  gas  properties  and  primary 
Thrust  '  \  and  secondary  flow  Mach  numbers 


} 


Secondary  Flow  Rate 
Primar/  Flow  Rate 


Secondary  Flow  Stagnation  Temp 
Primary  Flow  Stagnation  Temp 


where  the  expression  in  brackets  only  functionally  defined.  The  hot 
and  cold  gas  data  was  found  to  vary  in  a  linear  fashion  with  the  flow  ratio 
times  the  square  root  of  the  temperature  ratio  Thus  the  expression  in 
brackets  may  be  represented  by  an  empirical  constant. 

In  summary,  it  may  be  said  that  the  UAC  wor.k  initialed  the  con¬ 
cept  of  fluid  injection  as  a  means  of  nozzle  thrust  control.  The  tests 
conducted  by  U.AC  were  by  no  means  an  cxhau.stive  study  of  the  methori 
In  fact,  the  re.suUs  cited  above  show  ih.at  an  increase  of  side  force  of 
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only  40  percent  is  rcalistu  over  that  which  would  he  obtained  with  the 
secondary  flow  not  directed  into  the  primary  nozzle.  Nevertheless, 
the  number  and  possible  variation  of  the  parameters  involved  indirateH 
that  there  were  areas  yet  to  be  explored. 

B.  NACA 

The  NACA  also  investigated  the  secondary  injection  method  of 
flow  control.  The  N'ACA  experiments,  reported  in  Ref.  1,  concerned 
symmetric  injection  for  flow  throttling  as  well  as  asymmetric  injection 
for  flow  deflection.  This  program  was  designed  to  evaluate  gas  injec¬ 
tion  as  a  means  of  controlling  the  exhaust  area  of  a  jet  engine  nozzle. 

The  following  is  a  brief  discussion  of  the  NACA  study. 

1.  Model  and  Instrumentation 

The  NACA  investigation  concerned  a  convergent  main  (primary) 
nozzle  into  which  secondary  gas  was  injected  from  a  circumferential 
slot  at  the  nozzle  exit  (which  is  also  the  minimum  section).  The  primary 
nozzle  was  a  conical  one  with  a  semi -vertex  angle  of  8*  and  an  exit 
diameter  of  4.0  inches.  The  injection  slot  directed  the  secondary  gas 
perpendicular  to  the  primary  nozzle  axis.  The  Hot  width  was  varied 
such  that  the  ratio  of  slot  area  to  primary  nozzle  exit  area  ranged  from 
0.018  to  0.488.  Asymmetric  injection  for  primary  flow  deflection  was 
ac.hieved  by  blocking  a  portion  of  the  circumference  of  the  slot.  Sym¬ 
metric  injection  means  that  the  entire  slot  circumference  was  filled  with 
secondary  gas. 

The  primary  nozzle  exhausted  to  atmosphere  and  was  operated  at 
pressure  ratios  of  1.6,  2.0,  2.4,  and  2.3.  The  ratio  of  secendary  stag¬ 
nation  pressure  to  atmospheric  pressure  was  varied  between  2.0  and 
7.7,  Air  was  the  working  fluid  in  the  primary  and  secondary  flows,  both 
of  which  were  measured  with  standard  .^SME  orifices.  The  stagnation 
temperature  of  both  streams  was  approximately  530* R.  The  nozzle 
assembly  was  held  by  a  suspension  system  -n  which  thrust  and  side  force 
were  measured  with  force  cells. 
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2.  Test  Results 

a.  Sym:Tietric  Injection 

The  results  obtained  with  symmetric  iaiection  that 

the  1  eduction  in  primary  How,  which  is  related  to  thrust,  varies  almost 
in  direct  proportion  to  secondary  (low  rale.  Some  typical  measurements 
have  been  plotted  in  Fig.  1  where  primarv  flow  is  plotted  against  second¬ 
ary  flow.  The  basic  significance  of  the  results  shewn  is  that  the  reduction 
in  primary  flow  is  greater  than  the  corresponding  injected  secondary  flow, 
in  addition,  as  the  pressure  ratio  of  the  primary  nozzle  is  increased,  a 
given  primary  flow  reduction  requires  more  secondary  injection.  How¬ 
ever,  tho  rate  of  increase  of  secondary  flow  required  is  smaller  than  the 
corresponding  rate  of  increase  of  primary  pressure  ratio.  This  is 
reasonable  once  the  primary  pressure  ratio  exceeds  the  sonic  value  (about 
1.88).  Thereafter  the  flow  behavior  should  be  sensitive  to  the  secondary- 
to-priinary  stagnation  pressure  ratio  rather  than  the  overall  pressure 
ratio  of  the  primary  nozzle. 

AlUiough  the  data  shown  in  Fig.  1  corresponds  to  a  siot-to-cxit 
area  ratio  of  0.033,  it  is  typical  of  the  other  slot  widths.  That  is,  the  data 
is  similar  regarding  the  remarks  just  above.  There  is,  however,  a  vari¬ 
ation  in  performance  with  slot  width.  This  vaiiation  is  illustrated  by  the 
data  shown  in  Fig.  2  which  also  corresponds  to  symmetric  injection.  The 
increase  in  primary  flow  reduction  (at  a  given  w^/wp^)  with  decreases  in 
slot  width,  shown  for  a  primary  pressure  ratio  of  2,  is  typical.  This 
effect  may  be  due  lo  the  fact  that  potential  secondary  momentum  is  not 
available  at  the  low  secondary  pressure  ratios  which  accompany  large  slot 
widths  and  high  flow  rates. 

A  simple  analytical  model  is  discussed  in  Ref.  1  which  was  used  to 
correlate  some  of  ihe  symmetric  injection  data.  It  is  similar  to  one  that 
was  developed  earlier  by  Martin  (Ref.  3)  which  ;j  discussed  in  detail  in 
the  next  section.  It  is  an  empirical  method  in  which  an  experimentally 
determined  factor  correlates  the  data  but  does  not  prove  the  model. 

A  parameter  was  devised  for  use  as  a  measure  of  the  efficiency 
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of  the  nozzle  in  generating  thrust.  It  is  called  the  Ihruot  ratio  and 
defined  as 


Thrust 


-B  V 


V 

s 


where  the  velocities  and  are  the  flow  speeds  attained  uy  a  pci  feet 
gas  in  an  isentropic  flow  expansion  from  the  appropriate  stagnation 
pressures  to  atmospheric  pressure.  For  symmetric  injection  it  was 
found  that  the  thrust  ratio  was  between  0.94  and  0-98  in  nearly  all  cases. 
Thus,  not  only  is  the  nozzle  thrust  proportional  to  total  flow  but  it  ap¬ 
pears  that  the  throttling  process  is  an  efficient  one. 


b.  Asymmetric  Injoctior 

Nozzle  performance  was  also  measured,  as  mentioned 
previously,  with  asymmetric  secondary  injection.  Some  of  the  results 
in  these  tests  have  been  plotted  in  Fig.  3.  This  figure  shows  the  flow 
throttling  achieved  with  asymmetric  injection.  Despite  the  large  differ¬ 
ence  in  A^/A^  from  that  of  Figs.  1  and  2.,  flow  throttling  perform.ance  is 
similar  to  that  with  much  iimaller  A^/A^.  The  effect  of  primary  pressure 
ratio  is  the  same  as  that  shown  in  Fig.  1,  and  this  is  also  true  at  ratios 
other  than  those  shown  in  Fig.  3.  In  addition,  the  effect  of  A  /A  is  the 
same  as  that  shown  in  Fig.  2,  and  this  also  pertains  to  other  primary 
pressure  ratios.  Some  effect  of  circumferential  angle  of  injection  is 
observable  in  that  a  slightly  greater  primary  flow  reduction  (at  a  given 
w^/wp^)  occurs  with  an  angle  of  45  as  opposed  to  90  degrees. 

A  parameter  called  the  side  force  ratio  was  devised  for  use  in 
comparing  the  performance  of  the  asymmetric  injection  configurations. 

The  side  force  ratio  is  merely  the  side  force  divided  by  the  same  denom¬ 
inator  as  that  in  the  thrust  ratio.  The  total  measured  side  force  ratio  for 
these  same  configurations  is  plotted  against  secondary  flow  in  Fig.  4.  The 
effect  of  primiary  pressure  ratio  on  the  side  force  ratio  is  similar  to  that 
at  pressure  ratios  not  shown.  This  effect  is  seen  to  be  one  which  de¬ 
creases  the  side  force  (at  a  given  Wg/wp^)  as  the  primary  pressure  ratio 
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IS  increased.  This  decrease  h,is  two  sources,  both  of  whi^n  are  leialeu 
to  the  gign'iicant  flow  throttling  shown  in  Fig.  3.  First,  the  reduced 
elective  flow  area  (in  injection  zone),  inherent  with  throttling,  increases 
the  static  prescure  (as  velocity  decreases)  on  the  walls  upstream  of  the 
injection  slot.  This  increased  static  pressure  decreases  the  momentum 
of  the  secondary  flow.  Second,  and  more  important,  as  throttling  in¬ 
creases  with  secondary  flow,  the  pressure  distribution  (which  produces 
side  force)  on  the  walls  upstream  of  the  injection  slot  becomes  less 
asymmetrical. 

Also  shown  in  Fig.  4  are  the  effects  of  slot  width  (A  /A  1  and  rir- 
curnfercntial  injection  angle  (jJ).  .Side  force  de'Teases-  (at  a  given 
Wg/wpo)  as  slot  width  is  increased,  at  a  constant  0  of  90*.  This  is  the 
result,  as  in  the  previous  case  with  symmetric  injection,  of  decreased 
secondary  momentum  associated  with  lower  secondary  pressure  ratios. 

A  smaller  effect  on  side  force  is  noted  for  the  circumferential  injection 
anele  /?.  Side  force  increases  (at  a  given  w,-Av_  1  as  /?  decreases  from 

^  HO  * 

90*  to  43**  with  the  effect  being  more  pronounced  at  the  higher  primary 
pressure  ratio.  At  pressure  ratios  higher  than  those  shown,  the  effect 
is  like  that  at  a  primary  pressure  ratio  of  2.  It  should  be  mentioned, 
however,  that  a  decrease  in  ^  must  increase  side  force  since  secondary 
injection  is  then  more  closely  aligned  with  the  side  force  direction.  In 
view  of  this  fact,  the  conclusions  Just  made  should  be  regarded  as  being 
somewhat  tenuous. 

The  merit  of  asymmetric  injection  was  partly  judged  in  Ref.  1  bv 
a  comparison  to  tl;-  theoretical  performance  of  a  similar  configuration 
operated  exter.ial  to  the  primary  nozzle.  Although  enumerated  only  in  a 
few  cases,  results  were  apparently  similar  to  those  of  UAC.  In  partic¬ 
ular,  the  gain  (over  external  operation  performance)  in  side  force 
varied  between  0  and  100  percent.  However,  pains  higher  than  about  50 

Dcrccnt  were  rcalizi-d  onl"  at  verv  smaii  flows  (less  than  Wo/w’_  of 

”  Po 

0.04). 

3.  Summary 

in  Huminar’.,  it  rs..'iV  be  s-nd  Ui.'it  tie  VAC.-X  wor.K  re'orttd  in  Ref.  i 
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constituted  a  significant  extension  of  the  UAC  effort.  artieu’ar  irr. 

portance  was  the  use  of  symmetric  injection  for  .How  .  ..ottling.  In  this 
connection,  results  with  a  convergent  nozzle  sno'-e'  .hat  oerfon- la-ce  is 

-o  - - -  - - ,  vrt  ies  .  ^  ■  inuy  with 

injection  slot  width  and  primary  pressure  ratio. 

In  the  case  of  asymmetric  injection,  flow  throttling  was  found  to 
be  a  similar  Junction  of  the  same  variables  as  those  of  importance  with 
symmetric  injection.  A  significant  amplification  in  side  force  attends 
asymmetric  injection  over  a  range  of  secondary  flow  rates.  According  to 
.><.«.  1,  however,  the  associated  primary  flovv  throttling  would  limit  appli¬ 
cation  to  the  jet  engine  nozzle  problem. 

Unfortunately,  the  lack  of  a  clear  specification  of  experimental 
error  injects  some  uncertainty  into  the  results.  Nevertheless,  the  sig¬ 
nificant  trends  are  no  doubt  dependable. 
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SECTION  III 

THEORY  OF  THE  AERODYNA.K41CALLY  YARLABLE  NOZZLE 

A  flow  analysis  has  been  devised  which  is  substantiated  by  the 
NSt  (Phase  I)  experimental  data.  The  NSL  water  table  studies  and  the 
work  reported  in  Ref.  3  contributed  significantly  to  the  development  of 
the  NSL  theoretical  model.  The  first  part  of  this  section  presents  the 
theory  developed  by  Martin  in  Ref.  3.  The  remainder  of  this  section 
briefly  describes  a  water  table  study  and  develops,  in  detail,  the  NSL 
theory. 

A.  MARTIN  THEORY 

The  problem  of  secondary  injection  into  a  main  stream  is  con¬ 
sidered  by  Martin  in  Ref.  3.  Secondary  injection  is  viewed  as  a  possible 
method  of  obtaining  a  .lossle  with  a  variable  throat.  It  is  pointed  out,  as 
in  the  NACA  report  (Ref.  1),  that  such  a  nozzle  would  be  cf  use  ir.  con¬ 
trolling  the  performance  of  a  jet  engine  at  different  operating  conditions. 

Martin  developed  two  theoretical  models  for  the  flow  which  occurs 
with  secondary  injection.  The  first  is  based  on  the  assumption  that  the 
injected  gas  mixes  completely  with  the  main  stream.  The  second  one 
assumes  that  the  jet  flow  will  be  ..marated  from  the  main  stream  bv 
means  of  a  vortex  sheet.  Although  these  models  are  treated  individu. Ily , 
it  should  be  noted  that  Utts  procedure  is  regarded  as  a  simplification 
necessary  to  generate  an  amenable  analytical  problem,  it  is  most  likely, 
as  Martin  points  out,  that  in  the  real  case  both  effects  will  be  present. 

Although  the  two  theoretical  flow  configurations  are  discussed 
separately  below,  certain  simplifying  assumptions  arc  common  to  both. 
The  most  basic  one  is  that  the  flow  is  one  -dimensional.  In  addition,  the 
primary  and  secondary  fluids  arc  assumed  to  be  perfect  gases  whose 
flow  is  isentropic.  A  further  assumption  is  that  the  local  injection 
pressure  and  temperature  (hefi.c  density)  are  equal  to  the  stagnation 
values  in  the  main  stream.  It  was  not  suggested  by  Martin  that  these 
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conditions  are  actually  satisfied  but  rather  that  tht-«r  use  leans  to  ar  ao- 
croximalely  correct  choice  of  dependence  of  variables. 

The  assumpi'on  of  isen'  .pic,  perfect  gas  flo"*  re!;- 

ceriain  problem  variaolcs  s.n  a  unique  tashion.  The  equation  of  state  for 
a  perfect  gas. 


rclafi^s  the  pressure,  density,  and  temperature  at  ,.ny  point  in  '■•e  flow. 

As  shown  in  Ref.  4,  the  energ%  equation  u.ay  be  written  in  the  following  ap 
propriate  form: 

-1  -  i 

^  =  U  d-5— *  M'  .'2i 

i  a  *  * 

In  addition,  the  energy  equation  is  useful  in  obtaminp  the  following 
one-dimensional  iscntrooic  flow  relations; 


-  1  i  i  Y  -  5 


i_  =  1 

Ps  2 


.ull  of  the  above  equations  apply  throughout  the  flow  in  both  theoretical 


rTso<i€l  s « 


i.  Mixing  process  Case 

in  the  mLxir.g  process  case  the  secondary  gas  mixes  with  the 
primary  flov.'  to  Procucc  a  comoineo  strearn.  The  sketch  on  the  following 
page  shows  the  important  features  of  the  flow  configuration.  The  second 
ary  How  enters  the  norslc  {rndsus  R.  )  through  a  slot  (w-dth  b. )  and  is 
directed  at  an  anele  o  with  resr.-ct  tn  the  noanlr  axis.*  The  a.  .in.!.--. 


**.  C  •  «»«:  pc  tilths  > 


^The  Mach  number  of  the  second-iry  flow  as  it  enters  the  noaal'*  i 
Mj^— other  properties  at  this  location  .arc  identified  by  the  s.imc  sub¬ 
script  .eotation. 
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and  seconds  i'V  streams  mix  to  form  a  final  stream  tube  of  radius  R*  . 
The  primary  stream  flows  uniformly  at  Mach  number  M]  at  station  1  while 
a  uniform  combined  stream  flows  past  station  2  at  Mach  number  Mj  . 

The  equations  of  continuity  and  momentum  arc  then  applied  to  the 
flav/  and,  in  particular,  are  evaluated  at  stations  1  and  2.  The  appropriate 
form  of  the  equation  of  continuity  is 

Pz  Ri*  Mi  (yRTj)^  =  P,R,*M,(YRT,  +  2R,  b,  poM,^  (5) 


in  which,  -s  mentioned  above,  the  local  injection  density  is  taken  as  the 
stagnation  value  in  the  primary  stream.  The  continuity  equation  may  be 
rewritten  as 


Ei. 

Po 


M, 


T.s' 

t 

"■^0  1 

'^”s 

To 

(6) 


where  the  primary  and  secondary  fluids  are  the  same  gas.  The  ataump- 
tion  that  Tig  =  To  simplifies  Eq.  (6)  since  the  temperature  ratios  cancel 
uiie  anoUier  in  the  second  term  on  the  right  hand  side  of  the  equation. 

The  equation  of  momentum  i?  applied  in  the  form 
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Pi  R/  +  Pi  R/  yR 


•  1 

r.  1 

Til  T.  -  > 

i,  yR 

i  a  COS  4* 
S 


=  Pz  Ri" 


+  Pi  Ri  Mi^  Y  R 


Ts 


(7) 


which,  like  Eq.  (5),  is  the  general  repre8''ntation.  As  above,  with  the 
primary  and  secondary  streams  being  the  same  gas,  the  momentum  equa¬ 
tion  simplifies  to 


|J*,M 


I 
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£i. 

Po 


_  2^ 


cos  ^ 


Po 


Y  Mi 


k 


£i 

Po 


(8) 


This  equation,  however,  has  the  additional  assumption  that  the  average 
stagnation  density  of  the  combined  stream  is  equal  to  the  initial  primary 
sUgnation  density.  Martin  shows  that  this  introduces  a  negligible  error. 

As  in  Eq.  (p)»  the  temperature  ratios  cancel  in  the  third  term  on  the  left 
hand  side  of  Eq.  (8). 

When  certain  final  assumptionu  are  made  the  continuity  and  momen¬ 
tum  equations  (6  and  S)  yield  a  solution  to  Utc  problem.  The  gemnetry  is 
specified  by  the  assumption  of  values  for  the  parameters  b|  /R|  and  ^ 
while  the  particular  gas  employed  designates  y.  The  final  assumptions 
necessary  are  an  initial  secondary  Mach  number  M|,  and  the  overall 
pressure  ratio  Pi/po  {also  implies  an  M^).  In  addition,  the  pressure, 
density,  and  temperature  ratios  tn  Eqs.  (6)  and  (8)  are  functions  of  Mach 
number  according  to  Eqs.  (a),  (3),  and  (4).  Thus,  Eqs.  (6)  and  (8)  ere 
a  pair  of  simultaneous  equations  with  unknowns  [  Ri/R(  and  M| . 
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2.  Vortex  Sheet  Case 

The  basic  assumption  in  the  vortex  sheet  case  is  that  the  prirt'ary 
and  secondary  streams  do  not  mix.  The  flow  configuration  is  shown  m 
the  sketch  below. 
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The  secondary  flow  enters  the  nozzle  in  the  same  man.ner  as  that  in  the 
mixing  process  case.  In  the  vortex  sheet  case,  however,  the  primary 
and  secondary  flows  are  two  distinct  streams  at  station  2.  At  this 
station,  the  primary  stream  has  a  radius  while  the  surrounding  cyl¬ 
inder  of  secondary  flow  has  a  thickness  bj  .  In  addition  to  the  corre¬ 
sponding  Mach  numbers  in  the  mixing  process  case,  there  is  a  secondary 
Mjg  at  station  2. 

There  arc  two  equations  of  continuity  for  »hc  vortex  sheet  case. 
The  appropriate  one  for  the  primary  flow  is 

*1  L 

Pi  Ri  fyRT,|^  =  P,  R,'  M,  I  vR  T,  I  *  (9) 

which  m.iy  be  manipulated  to  the  form 
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The  continuity  equaticn  for  the  secondary  flow  ;s  given  by 

1  i 

Mig  i  V  ^  ‘Zg  }  ■  *  Po  Hi  bi  M|^  j  y  R  ] 


(11) 


where,  as  in  the  mixing  process  case,  the  local  injection  density  is 
taken  as  the  stagnation  value  in  the  primary  stream.  Equation  (11)  has 
the  form  of  Eq.  (10)  when  rewritten  as 


(12) 


It  should  be  pointed  out  that  the  secondary  continuity  equation  contains 
the  approximation  that  the  cross  sectional  area  of  the  cylindrical  second¬ 
ary  flow  is  2  n  b^  .  This  is  a  good  appro.ximalion  as  long  as  b^/Ri  «  1 
which  would  be  the  casf  if  the  secondary  flow  rate  is  small  compared  to 
the  primary  one. 

The  momentum  equation  for  the  vortex  sheet  case  is 


p.  R,^  +  p,  M/  V  R 


To  R,^ 


2  b,  R,  Po  yR 


Tv 


To  cos  ^ 
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=  Pt  Ri*  +  Pi  m/  y  R 
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To  R/ 


4  2m  Ri  p,^  Y  R 


To. 


(13) 


This  equation  may  be  simplified  by  manipulatio.n  and  substitution  of  Eq. 
(12),  which  results  in  the  form 
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In  this  equation,  as  in  Eq.  (8),  the  temperature  ratios  cancel  one  another 

in  the  third  term  on  the  left  hand  side  of  the  equation. 

The  continuity  and  momentum  equations  yield  a  problem  solution, 

as  in  the  mixing  process  case,  dependent  upon  certain  final  (assumptions. 

These  necessary  assumptions  are  those  of  the  mixing  process  case  plus 

an  additional  one.  The  additional  assumption  necessary  is  a  specification 

for  M>  •  However,  Martin  assumes  that  p.  is  equal  to  p)„  which  im- 
s  5 

plies  a  value  for  as  follows.  The  assumed  M|g  implies  a  Pig'^Pcg  and 


P's 

POs 


Also,  as  stated  above 


?o 


Po 


and  thus 


Ps 

_Hfi_  X  — 

POg  Po 


which  implies  the  value  of  (by  Eq.  3). 

The  pressure,  density,  and  temperature  ratios  in  Eqs.  ( 10)  and{  14) 
are,  as  mentioned  previously,  functions  of  Mach  number.  The  determina' 
tion  of  Mjg  according  to  the  procedure  above  then  makes  Eqs.  (10)  and  (1 4) 
a  pair  of  simultaneous  equations  with  unknowns  [  Rj  'R,  J*  and  M|  . 


3.  Theoretical  Results  and  Expei  iiueui 

The  calculations  carried  out  for  the  two  Martin  flow  models  are 
presented  in  the  following  paragraphs.  It  should  be  noted  that  the  methods 
as  presented  in  the  preceding  sections  employ  a  different  notation  than 
that  used  by  Martin. 


3.  SccorsU^rv  F*lo%v 

In  the  mixing  process  and  the  vortex  sheet  case,  the 
secondary  flow  rale  is  governed  by  the  same  equation.  In  non-dimensional 
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form,  the  secondary  flow  may  be  written  as 


2  nRj  b,  po  |  yK  T,  j 


ii  n  1^  P2  Mi 


(15) 
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1  Y  R  To  }  ^ 


By  the  assumptiop.s  that  were  mentioned  previously,  Eq.  (15)  simplifies 
to 
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Equation  (16)  shows  that  the  secondary  flow  ratio  varies  directly  with 


M,  . 
‘s 


b.  Flow  Throttling 

The  work  reported  by  Martin  included  an  experiment,  and 
the  data  obtained  was  compared  to  the  results  predicted  by  the  two 
analytical  models-  The  calculations  carried  out  by  the  NSL  were  for  the 
same  conditions  as  this  Martin  case.  The  NSL  method  and  results 
tsjrniiar  to  Martin's  results)  arc  presented  below  along  with  the  appro¬ 
priate  comparison  to  the  data. 

It  was  mentioned  in  the  previous  sections  that  a  problem  solution 
requires  certain  final  assumptions.  In  accordance  with  Ref.  3,  the 
geometry  was  specified  by  b,  /R,  s  0.02  and  70°.  Air  was  the  work¬ 
ing  fluid  (y  =  1.4)  and  the  overall  primary  pressure  ratio  (pj/po  =  0.5283) 
was  such  that  M,  =1.  The  related  assumptions  yield  a  rclatio.iaMp  for 
secondary  flow  ratio  (from  Eq.  16)  which  is  illustrated  in  Fig.  5. 

The  final  equations  for  both  flow  models  were  solved  by  a  graphical 
technicne.  .As  indicated  in  the  previous  sections,  a  problem  solution 
fi-nally  deri.es  frsm  a  pair  of  simultaneous  equations  with  uaknown 
and  M|  .  However,  these  equ.itions  cannot  be  .solved  explicitly  in  the  form 
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given.  Thus,  a  graphical  method  was  used  in  which  Eqs.  {n)  and  {8) 
(mixing  process  case)  or  (10)  and  (14)  (vortex  sheet  case)  were  each 
solved  for  [Rj/R,  j*  with  both  results  being  plotted  as  a  fun  -.i  of  Mi  , 
as  shown  in  the  sketch  below.  The  interseetion  pni-f  jc  2  Ecluticn  V.  ith 
the  cor.-esponding  Mi  and  [  R.  /Ri  satisfying  the  simultaneous  equations. 
A  solution  was  thus  determined  for  each  assumed  secondary  flow  rate- 


.5  .6  .7  .8  .9  i.O 

PRIMARY  FLOW  MACH  NUMBER,  M, 


The  most  meaningful  form  of  the  results  for  both  analytical  models 
is  one  which  directly  indicates  flow  throttling  performance.  This  is  readily 
achieved  when  primary  flow  is  given  as  a  runction  of  secondary  flow.  The 
area  ratio  (  R^  ^Ri  found  from  the  procedure  above  is  a  flow  throttling 
parameter  in  both  models.  The  continuity  equation  (Eq.  6)  for  the  mixing 
process  case  shows  that 


R. 


pP 
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Thus  the  prutiary  flow  tnrottling,  a  ratio  of  determined  by  sub¬ 
tracting  the  associated  value  of  (assumed  with  M.^)  from  [R*  /R, 

In  the  vortex  sheet  case,  Eq.  (10)  shows  that 


Ri 

Ri 


(Id) 


since  the  primary  and  secondary  streams  flow  without  mixing. 

The  results  for  the  mixing  process  and  the  vortex  sheet  case  are 
shown  in  Fig.  6  where  primary  flow  ratio  is  plotted  against  secondary  flow 
ratio.  The  corresponding  data  obtained  by  Martin  is  also  shown.  It  is 
obvious  from  Fig.  6  that  the  dasa  does  not  corroborate  the  theory.  How- 
without  closer  inspection  the  data  seems  to  have  some  similarity  to 
the  shape  of  the  mixing  process  carve.  This  is  contrary  to  the  expecta¬ 
tions  of  Martin  who  felt  that,  as  the  secondary  flow  increases,  the  flow 
configuration  should  depart  from  the  mixing  process  form  to  become  one 
of  a  vortex  sheet  character.  The  monotonically  increasing  difference  in 
flow  throttling  between  the  mixing  process  and  vortex  sheet  cases  is  due  to 
the  third  term  on  the  right  hand  side  of  Eq.  (14).  This  term  represents  the 
secondary  stream  momentum  at  station  2  in  the  vortex  sheet  model  and  it 
increases  continuously  with  increasing  secondary  flow  rate. 

A  few  criticisms  of  the  Martin  flow  models  may  be  made  immedi¬ 
ately  as  suggestions  for  sources  of  the  disagreement  shown  in  Fig.  6.  The 
first  and  most  obvious  one  is  the  absence  of  viscous  effects.  However, 
viscosity  must  be  neglected  with  the  hope  of  justification  on  tlie  grounds 
that  the  resultant  solvable  problem  will  yield  a  useful  solutton.  If  such  is 
not  the  case,  then  a  more  empirical  method  may  be  die  only  eventual 
practical  approach.  One  assumption  in  both  flow  configurations  which  de¬ 
serves  comment  is  that  the  local  injection  conditions  (pressure,  density, 
temperature)  are  equal  to  the  stagnation  values  in  the  primary  stream. 

This  implies  that  the  primary  stream  •'  instantaneously  at  rest  at  the  in¬ 
jection  station.  However,  it  is  obvious  that  the  primary  stream  velocity 
(at  injection  station}  wi;i  be  small  only  when  the  effective  primary  throat 
IS  reduced  significantly  by  a  good  deal  ol  throttling.  In  other  words,  the 
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assumption  appears  to  be  a  poor  one  at  low  values  o!  secondary  flow  rate- 

Furthermore,  this  assumption  leads  to  somewhat  unrealistic  behavior  of 

the  aecondary  flow  parameters.  That  is,  by  Eq.  (16)  (with  fixed  b|  /Rj 

and  M>)  w  /w  is  directlv  oronorHor^a)  to  ■-vhich  means  U»ol  each 
o  1*0  .  '  '  *  ® 

secondary  flow  rate  also  has  a  different  pog  and  To^-  In  addition,  when 

Mjg  exceeds  un*.y.  each  flow  rate  has  a  different  size  throat  upstream  of 

the  entrance  slot.  This  matter  will  be  discussed  further  in  the  beginning 

of  the  section  on  NSL  theory. 

The  data  obtained  by  Martin  is  similar  to  some  of  the  NACA  data 
discussed  earlier.  A  comparison  is  made  in  Fig.  7  where  the  appropriate 
flow  throttling  data  is  plotted.  It  should  be  pointed  out  that  in  addition  to 
the  differences  noted  in  Fig.  7,  the  Martin  data  was  obtained  with  a  cylin¬ 
drical  channel  while  the  NACA  experiments  were  concerned  with  a  con¬ 
vergent  nozzle.  Nevertheless,  the  curves  in  Fig.  7  show  at  least  quali¬ 
tative  agreement  between  the  experiments. 

4.  Summary 

The  work  done  by  Martin  must  be  recognized  as  an  important  con¬ 
tribution  to  the  solution  of  the  secondary  injection  problem.  It  was  the 
first  thorough  attempt  to  generate  a  theoretical  model  of  the  flow  throttling 
process.  Although  the  analytical  models  devised  by  Martin  were  not  well 
substantiated  by  experimental  data,  the  methods  involved  were  certainly 
worthy  of  study.  Tn  fact,  that  this  wag  the  case  is  demonstrated  by  the 
next  section.  It  is  shown  therein  that  study  of  the  Martin  methods  led  to 
develofxnent  of  the  NSL  theoretical  models  which  have  been  corroborated 
by  experimental  data. 

B.  NSL  THEORY 

The  data  from  a  series  of  NSL  experiments  (Phase  I),  like  the 
Martin  data,  disagreed  with  the  results  of  the  Martin  analytical  models. 
This  further  evidence  suggested  that  eiUier  the  Martin  hypotheses  be 
improved  or  ’me  others  be  developed.  An  effort  was  undertaken  with 
these  objectives  and  both  have  been  achieved  to  an  encouraging  extent. 
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Two  areas  of  effort  were  responsible  for  the  analytic..!  work 
accomplished.  One  is  the  water  table  study,  which  is  dcs.  ribed  in  the 
first  portion  of  this  section.  The  other  is  the  further  investigation  of 
the  hiartir-  models,  which  is  di:.tussed  »n  the  second  portion  of  this 
section. 

The  water  table  study  and  e.xtcnded  Martin  work  led  to  the  final 
development  of  the  NSL  flow  models.  These  are  presented  in  the  final 
portion  of  this  section. 

1.  Water  Table  Study 

In  anticipation  of  further  and  more  detailed  research  with  asr 
models  (experimental),  an  experimental  study  was  carried  out  to  test 
the  applicability  of  the  hydraulic  analogy  (Ref.  5)  to  the  flow  throttling 
problem.  It  was  felt  that  this  technique  might  contribute  some  under¬ 
standing  at  very  little  cost  or  experimental  complexity. 

A  simple  model  was  built  based  on  the  analogy.  In  a  few  words, 
the  hydraulic  analogue  is  the  water  flow  through  a  horizontal  channel 
which  simulates  the  flow  of  a  perfect  gas  with  a  y  of  The  primary 
nozzle  was  a  convergent-divergent  one  with  an  exit-to-threat  area  ratio 
corresponding  to  a  Mach  number  of  3.0.  In  the  flow  through  the  nozzle, 
according  to  the  analogy,  the  water  height  is  proportional  to  the  density 
and  temperature  in  the  gas  while  the  gas  pressure  is  proportional  to 
the  square  of  the  water  height.  The  secondary  flow  was  injected  (from 
a  slot)  at  the  throat  of  the  primary  nozzle,  as  it  was  in  the  previous 
series  of  experiments  with  air  (Phase  I). 

The  ordy  measurements,  aside  from  flow  observations,  obtained 
from  this  test  were  primary  and  secondary  flow  rate  data.  However,  it 
was  found  that  the  water  tabic  dat.n  indicated  essentially  the  same  flow 
throttling  variation  .-.s  thi  one  obtained  with  air.  Thus,  despite  the  com¬ 
parison  of  two-dimensional  data  (water  table)  and  three-dimensional  data 
(Phase  I,  ,iir)  the  analogy  appeared  Jo  hold  mueh  better  than  had  bern 
anticipated. 

In  spite  of  a  lark  of  underttaudi.ng  (wiitch  still  exists)  of  the 
process  which  made  the  analogy  hold  so  well,  plans  were  formulated  for 
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more  refined  and  extensive  tests-  These  studies  were  to  be  done  on  a 
larger  water  table  at  the  MIT  Hydrodynamics  Laboratory.  However, 
two-dimensional  tests  of  the  same  kind,  but  using  air,  were  found  to 

look  similarly  attrartiv<»  fdoo  to  evicting  NSI  o.iiiiomont)  and  off)-r**d 
the  use  of  the  NSL  schlieren  capability.  In  addition,  it  was  fsit  that 
such  data  would  be  more  directly  applicable  to  an  axisvmmetric  air  noz¬ 
zle.  Thus,  the  water  table  method  was  abandoned  in  favor  of  two- 
dimensional  air  tests. 

Nevertheless,  the  relatively  crude  experiments  of  the  NSL  water 
table  did  contribute  to  the  effort.  These  tests  were  fruitful  in  that  the 
flow  observations  helped  to  evolve  the  analytical  models  discussed  in  the 
remaining  parts  of  this  section.  In  particular,  the  water  table  flow 
showed  that  all  of  die  throttling  took  place  in  a  relatively  short  axled  dis¬ 
tance.  This  was  regarded  as  support  ft  use  of  a  constant-area 

channel  flow  analysis.  In  addition,  the  u»e  of  ink  (as  a  visual  aid)  in  the 
flow  pointed  the  way  toward  the  secondary  flow  behavior  used  in  the  NSL 
flow  analyses. 


2.  Martin  Models 


The  Martin  analytical  flow  models,  discussed  in  the  preceding  sec¬ 
tion,  were  studied  beyond  the  work  reported  in  Ref.  3.  These  studies  had 
the  objective  of  improving  the  analytical  results  and,  in  particular,  cor¬ 
relating  the  NSL  experimental  data  (Phase  I)  which  is  presented  in  a  sub¬ 
sequent  section. 

The  mixing  process  and  vortex  sh-ct  cases  were  derived  in  the 
notation  of  the  previous  section,  but  accoiding  to  some  new  assumptions. 
The  assumption  of  local  injection  conditions  (p,  p,  T)  being  equal  to  the 
primary  stagnation  values  was  modified.  The  implications  of  this  assump¬ 
tion  were  mentioned  on  page  20.  Although  these  implications  might  be 
considered  acceptable  for  very  small  secondary  flows  (up  to  w  /w  -v  0-05), 
they  become  unrealistic  at  higher  (up  to  w  /w  i.  0.15)  but  still  reasonable 
levels.  Nevertheless,  to  maintain  the  basic  nature  of  the  Martin  approach, 
it  was  assumed  that  the  local  primary  static  pressure  equals  the  local  in¬ 
jection  pressure 
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In  addition,  a  new  assumption  was  mace  regarding  secondary  in¬ 
jection.  It  was  assumed  that  the  secondary  strecun  flows  through  a  sonic 
orifice  of  fL:ed  area  from  a  reservoir  at  some  stagnation  pressure  and 
stagnation  temperature.^  Furthermore,  it  was  assnmfrf  that  the  injection 
station  was  at  the  sonic  point  of  the  unrestricted  primary  flow.  The  sonic 
orifice  assumption  simplifies  the  secondary  mass  flow  equation  but  it 
means  that  the  secondary 'to-primary  stagnation  pressure  ratio  has  a  lower 
limit  of  one  (for  theoretical  calculations).  Since  the  secondary  stagnation 
temperature  is  a  constant  (constant  ratio  to  the  primary  value),  the  second¬ 
ary  flow  rate  varies  in  proportion  to  the  stagnation  pressure. 

It  was  felt  that  these  conditions  were  more  realistic  than  those  of 

Ref. 


a.  Secondary  Flow 

The  secondary  flow  rate,  as  in  the  previous  section,  is 
governed  by  the  same  equation  m  both  the  vortex  sheet  and  mixing  process 
cases.  However,  the  exact  form  of  the  secondary  flow  ratio  is  now  given 
as 


w 

s 


Po 


(19) 


which  is  based  on  the  new  assumptions  relevant  to  the  secondary  flow. 
This  equation  also  assumes,  as  before,  that  the  primary  and  secondary 
fluids  are  ilie  same  gas. 


e 

Thus,  the  sketches  of  the  Martin  flow  configurations  in  the  preceding 
sectiuii  are  stiii  relevant  with  only  slight  modification.  The  flow  now 
enters  the  channel  through  a  sonic  orifice  of  area  rather  than  an 
entrance  of  width  b|  .  .Accordingly,  the  area  of  thi  secondary  flow,  in 
the  vortex  sh.'et  case,  is  at  station  2. 
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b.  Mixing  Process  Case 


The  important  features  of  the  mixing  process  case  are 
shewn  in  the  sketch  on  page  13  except  for  the  changes  noted  above.  The 
continuity  equation,  analogous  to  Eq.  (6),  is 
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in  which  the  secondary  flow  term  is  the  same  as  that  in  Eq.  (19).  Fur¬ 
thermore,  this  term  is,  of  course,  the  one  which  makes  the  equation 
different  from  E^-  (6). 

The  momentum  equation  is  the  same  as  Eq.  (8)  except  for  cm* 
terra  aixl  is  written  as 
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(21) 


where  Ai,/A^^  is  the  isentropic  area  ratio  which  corresponds  to  M.^.  * 
Hereafter,  denotes  the  Mach  number  to  which  the  secondary  flow  is 


The  isentropic  flow  area  ratio  is  a  form  of  the  continuity  equation  for  a 
perfect  gas  and  is  given  by 


I  -i 


Y  - 
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2(y-  1) 


in  which  M  is  the  Mach  number  at  the  station  where  A  is  the  area,  ir.  a 
streamtubr  flow. 
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assumed  to  accelerate  as  it  enters  the  primary  noaele.  The  >n;ection 
Mach  number  is  unity  since,  by  definition,  the  secondary  flow  is  ex¬ 
hausted  from  a  sonic  orifice.  As  before,  it  is  assumed  that  the  average 
stagnation  density  of  the  combined  stream  is  equal  to  the  initial  primary 
stagnation  oensity. 


c.  Vortex  Sheet  Case 

The  vortex  sheet  flow  configuration  is  shown  by  the 
sketch  on  page  15  except  for  the  changes  noted  on  page  Z4.  The  con¬ 
tinuity  equation  is  the  san.e  as  Eq-  {10).  The  continuity  equation  for  the 
secondary  flow  is  treated  below. 

The  momentuic  equation,  analogous  to  Eq.  {14),  is 


2l 

Pa 


+  yMi‘ 


1 


■^*s 

■'•‘1 

P's 

a  Ri*  ' 

K 

cos  $ 


=  ^  I  +  y  m/ 

Pc- 


{22) 


* 

where  i«  Hi.-  isenlropic  area  ratio  which  corrf  sponds  to 

from  secondary  flow  continuity  considerations.  The  scconilary  Mach 
number  Mi  is  determined,  as  before,  by  Pi  /pa  according  to  the  pro- 

S  2S  S 

cedure  on  page  17. 

d-  Flow  Tlsrottling  Results 

The  flow  models  developed  above  are  analogous  to  those 
of  the  preceding  section  and  essentially  the  same  final  assumptions  are 
required  for  a  problem  solution.  I*  is  also  obvious  that  these  assump¬ 
tions  result  in  a  similar  fincj  set  of  simultaneous  equations. 

It  was  assumed,  a  <=  in  the  previous  instance,  that  the  overall 
primary  pressure  ratio  (p^  o,  =  C.b-ZHj)  -was  such  that  M,  =  1-  Also. 

See  footnote  on  page  25. 
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air  was  again  the  working  tlmd  in  both  the  primary  and  secondary  streams. 
The  secondary-to-primary  stagnation  temperature  ratio  was  assumed  to 
be  unity,  which  reduces  Eq.  (19)  to 


The  value  of  A^^/nR,*.  analogous  to  2b, /r,  ,  was  chosen  somewhat 
arbitrarily  as  0.05.  The  injection  angle  <{,  was  taken  as  60*  since  this 
was  the  angle  peculiar  to  the  NSL  Phase  I  tests.  The  resultant  sets  of 
simultaneous  equations  for  the  two  flow  models  were  again  solved  by  the 
graphical  technique  presented  on  pace  19. 

The  results  for  the  mixing  process  and  vortex  sheet  cases  arc 
shown  in  Fig.  3  where  primary  flow  ratio  is  plotted  against  secondary 
flow  ratio.  It  is  not  possible,  as  mentioned  previously,  to  generate 
meaningful  results  at  a  po^/po  of  less  than  one.  which  by  Eq.  (23)  cor¬ 
responds  to  a  w^Wp^  of  less  than  0.05.  Thus,  ths  -olid  curves  begin  at 
this  value  of  secondary  flow  ratio.  Over  the  comparable  range  of 
secondary  flo.  rates,  the  previous  corresponding  results  of  Fig.  6  show 
reasonable  similarity  considering  the  parametric  (injection  area,  4>) 
differences.  However,  at  higher  flow  rates  the  method  of  Ref.  3  (cor¬ 
responding  tc  results  in  Fig.  6)  yields  significanUy  more  flow  throtaing 
than  that  shown  in  Fig.  8.  This  dif'  -renca  in  performance  can  be  traced 
to  the  assumption  which  concerns  local  injection  conditions.  The  NSL 
(Phase  I)  data  corresponds  to  significantly  less  flow  throtUing  than  the 
prediction  of  the  method  of  Ref.  3.  Thus,  the  modifications  which  cor- 
respond  to  the  decreased  flow  throttling  results  of  Fig.  8  may  be  re¬ 
garded  as  improvements  i.-  the  Martin  models. 

NSLf  Models 

Further  sti  dy  led  to  modifications  of  the  Martin  flow  models 
which  then  yielded  results  that  proved  to  correlate  the  NSL  daU.  In 
addition  to  the  improvement  in  the  Martin  models,  a  new  one  wa, 
developed  which  is  also  supported  by  the  erperimen^.l  results. 

The  major  modification  of  the  Martin  model,  is  a  difference 
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in  the  treatiTient  of  the  stagnant  air  zone  (see  sketches  on  pages  13  and 
15).  It  was  felt  that  this  separated  flow  zone  might  exist  at  some  very 
low  pressure.  That  is,  the  centrifugal  force  on  the  secondary  flow  as 
it  changes  direction  (by  n  -  (Ji)  might  leave  little  flow  near  the  wall 
just  downstream  of  the  injection  point.  Therefore,  for  the  purposes 
of  analysis,  it  was  assumed  that  the  separated  flow  zone  pressure  is 
negligible  (mathematically,  zero)  compared  to  that  in  the  primary  and 
secondary  streams.  The  resultant  flow  models  are  called  the  "second¬ 
ary  mixing"  case  (modified  mixing  process  case)  and  the  "sheet  flow" 
case  (modified  vortex  sheet  case). 

The  detailed  development  of  the  secondary  mixing  and  sheet  flow 
cases  is  given  below.  Also  presented  is  the  development  of  the  third 
model  which  is  called  the  secondary  expansion  case. 

a.  Secondary  Flow 

The  secondary  flow  ratio  is  given  by  Eq.  (19)  for  the 
secondary  mixing,  sheet  flow,  and  secondary  expansion  flow  models.  In 
all  three  cases,  the  assumption  is  again  made  that  the  primary  and 
secondary  fluids  are  the  same  gas. 


b.  Secondary  Mixing  Case 


The  secondary  mixing  flow  configuration  is  shown  by  the 
sketch  on  page  13  as  modified  by  the  remarks  on  page  24.  The  appropriate 
form  of  the  continuity  equation  is  given  by  Eq.  (20). 

The  momentum  equation,  similar  in  fo'^m  lo  Eq.  (21),  is  written 
in  the  present  case  as 
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This  equation  has  the  additional  assumption  that  the  entering  secondary 
flow  does  not  expand  to  snpersonie  speed.  That  is,  it  does  not  accelerate 
along  the  original  entrance  direction.  This  is  believed  to  be  a  more 
realistic  assumption  and  it  ;s  supported  by  observafims  of  tbe 
table  flo%v.  The  pressure  ratio  p  /pg  is  thus  a  constant  { sonic  value 
of  0.3283)  with  Mi^  being  equal  to  unity.  Finally,  it  is  again  assumed 
that  the  average  stagnation  density  of  the  combined  stream  is  the  same 
as  the  initial  prunary  stagnation  density. 

c.  Sheet  Flow  Case 

The  flow  configuration  for  the  sheet  flow  case  is  shown  in 
the  sketch  on  page  15  as  modified  by  the  remarks  on  page  24.  The  sheet 
flow  case  continuity  equation  for  the  primary  flow  is  the  same  as  Eq.  (10). 

The  momentum  equation  for  Ihe  sheet  flow  case  is  given  by 
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where,  as  m  the  secondary  mi.xing  case,  it  is  assumed  that  the  entering 
secondary  flow  does  not  expand  to  supt  rsonic  speed.  Also,  /a  is 

^  S 

the  ifientropic  ratio  which  corresponds  to  from  secondary 

flow  continuity  considerations.  The  secondary  Mach  number  Mj  is  again 
determined  by  Pt^/Po^  **  showi;  or.  page  17. 


See  footnote  on  page  25. 
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d.  Secondary  Expansion  Case 

In  the  secondary  expansion  model  the  Clow  behavior  is 
somewhat  different  f’-o-rn  either  of  the  preceding  cases.  The  secondary 
flow  enters  the  noszl-s,  as  in  the  preceding  models,  through  a  sonic 
orifice  and  is  directed  similarly,  at  an  angle  of  injection  ^  .  In 
addition,  the  primary  and  secondary  streams,  as  in  the  sheet  flow 
case,  do  not  mix  as  they  flow  downstream.  However,  in  the  present 
model  the  secondary  stream  expands  as  it  flows  to  station  2  (see  sketch 
on  page  15),  filling  the  region  between  the  wall  and  the  primary  stream. 
Furthermore,  the  secondary  flow  e.xpansion  is  isentropic  and  the  Mach 
number  is  given  by  the  isentropic  area  ratio  Thus  the 

secondary  expansion  model  ass'unes  that  the  secondary  stream  does  not 
separate  from  the  wall. 

The  continuity  equation  for  the  present  case  is  the  same  as  that 
of  the  sheet  flow  one,  namely,  Eq.  !10).  The  momentum  equation  is 


1  +  y  -  y  - ^ 


K 

Po 


cos  <5 


'ft  (it)  ^*^^^**  ^  ^  "pf  (it) 

where  the  area  ratio  A>  /A^  ,  which  determines  M.  ,  is  obtained  from 

8  "8  8 


e  (r/  -  Ri*) 


-(it) 


Since  Aj^/A^^,  and  thus  depends  on(Ri/R,)^  a  trial  value  is  needed 

for  the  {Rf/Ri)“  in  t,q.  (27)  in  order  to  solve  Eq.  (26)  for  the  same  parauii' 
eter.  However,  as  mentioned  on  page  18,  the  area  ratio  (Rj/R|)*  found 


FR  430 


CONFIDENTIAL 


CONFIDENTIAL 


from  the  continuity  and  momentum  equations  (Eqs.  10  and  lb,  respec¬ 
tively)  is  determined  for  various  assumed  values  of  M|  .  Thus,  m  the 
presei.t  case  the  assumed  M,  yields  an  (Rj /R,  )*'  from  Rq.  10  (contino- 
itv)  which  is  tht^n  ^  *n  f7"n  t^f\ 

^momentum)  may  also  be  solved  for  (R^  /Rj  j*  .  The  corresponding 

to  the  in  Eq.  (27)  is  used  to  obtain  the  pressure  ratio  pj  /pj  . 

e.  Flow  Throttling 

The  three  flow  models  developed  above  yield  problem  solu 
tions  in  the  manner  described  previously  on  page  18.  The  solutions  de¬ 
pend  on  certain  final  assumptions  and  these  wore  the  same  as  those  of 
section  2d.  In  particular,  the  overall  primary  pressure  ratio  p^/po  was 
assumed  to  be  0.5283  (Mj  =  1)  and  air  was  the  fluid  in  the  primary  and 
secondary  streams.  In  addition,  the  secondary-to-primary  stagnation 
temperature  ratio  was  assumed  to  be  unity  which  means  Eq.  (23)  deter¬ 
mines  the  secondary  flow  ratio.  Finally,  the  injection  angle  4,  was  taken 
as  60*  while  the  area  ratio  R,^  was  assumed  to  be  0.05. 

The  results  for  the  secondary  mixing,  sheet  flow,  and  secondary 
expansion  models  are  shown  in  Fig.  9.  Also  shown,  for  purposes  of 
comparison,  are  the  curves  of  Fig.  8.  It  is  a.nparent  that  the  comparable 
flow  models  (secondary  mixing  versus  mixing  process  and  sheet  flow 
versus  vortex  sheet)  yield  very  different  flow  throttling  performance. 
The  difference  between  them  results  from  the  new  treatment  of  the  sepa¬ 
rated  flow  region  as  well  as  the  assumption  that  there  is  no  acceleration 
of  the  entering  secondary  flow.  The  major  portion  of  this  difference,  how¬ 
ever,  IS  due  to  the  assumption  of  a  negligible  pressure  in  the  separated 
flow  zone. 

Tnc  difference  between  the  mixing  process  and  secondary  mixing 
cases  is  seen  to  be  smaller  than  the  difference  between  the  vortex  sheet 
and  sheet  flow  cases.  Although  this  effect  is  a  direct  result  of  the  con¬ 
sideration  of  the  separated  flow  region,  it  may  be  traced  to  a  more  basic 
reason.  This  reason  is  a  two-sidca  one  which  involves  an  assumption 
in  the  mixing  process  and  secondary  mixing  models  as  well  as  an  inherent 
feature  of  the  vortex  sheet  and  sheet  flow  models.  The  effect  in  question 


FR  430 


CONFIDENTIAL 


CONFIDENTIAL 


is  a  result  of  the  asBumption  that  the  average  st.  g.-.aiion  conditions, 
in  the  mixing  process  and  spror»tary  mixing  cases,  are  the  same  as 
the  initial  values  in  the  primary  stream.  On  the  other  hand,  the  vortex 
sheet  and  flow  roodels  cannot  require  ai,  aualuguus  assumption 

since  the  primary  a.nd  secondary  flows  arc  considered  separately.  Fur- 
thernr're,  the  assumption  in  th"  mixing  models  means  that  the  results 
must  become  somewhat  unrealistic  at  high  secondary  flow  rates. 

Although  specific  comparison.*!  to  experimental  data  follow  in 
another  section,  it  was  found  that  the  sheet  flow  and  secondary  expan¬ 
sion  cases  encompassed  almost  all  of  the  data.  This  seems  very  reason¬ 
able  since  these  flow  models  arc,  in  a  sense,  two  extremes,  of  a  type  of 
flow  behavior.  In  the  sheet  flow  case  the  secondary  stream  flo'A’s  in  a 
sheet  circumjacent  to  the  primary  stream.  Thus,  the  secondary  pressure 
{at  station  2  in  the  analysis)  is  determined  by  the  prim.ary  stream  and, 
since  the  change  in  flow  direction  (12C*)  is  large,  the  secondary  stream 
is  separated  from  the  nozzle  wall.  In  the  secondary  expansion  case,  how¬ 
ever,  the  secondary  stream  expands  to  fill  the  area  between  the  primary 
stream  and  the  wall.  In  this  case  the  secondary  pressure  is  independent 
of  the  adjacent  primary  value  and  there  is  no  separated  flow  region.  The 
water  table  observations  indicated  that  both  flow  configurations  exist 
simultaneously  (separation  upstream  of  secondary  expansion  zone)  and,  if 
the  air  data  may  be  taken  as  proof,  this  may  actually  be  the  case. 

Finally,  it  should  be  pointed  out  that  the  sheet  flow  and  secondary 
expansion  models  seem  to  be  capable  of  taking  account  of  temperature 
effects.  As  shown  on  page  4,  hot  and  cold  gas  data  were  found  to  vary  in 
the  same  direct  proportion  to  secondary  flow  ratio  times  [To^/Tj]  ^  . 

The  throttling  performance  of  the  sheet  flow  and  secondary  expansion  flow 
configurations  is  similarly  related  to  secondary  Qow.  The  sccondary-to- 
primary  stagnation  temperature  ratio  docs  not  appear  in  the  continuity 
equation  {Ek}.  10}  or  in  the  momentum  equations  (Eqs.  25  and  26)  of  either 
model.  Thus,  for  a  given  secondary-to-primary  stagnation  pressure 
ratio,  throttling  performance  is  specified.  However,  accorUiitg  to  Eq.  (19) 
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the  secondary  flow  ratio  becomes 


w 

6 

■P^s 

■  To 

W 

Pa 

n  R,‘ 

Po 

which  means  that  the  secondary  flow  for  a  glveit  throttling  level  is  pro¬ 
portional  to  the  stagnation  temperature  ratio.  Furthermore,  it  is  obvious 
that  if  the  secondary  flow  t:o  is  multiplied  by  [  Ts^/To)  ^  tlicn  throttling 
performance  is  independent  of  temperature  ratio  and  related  to  the  param¬ 
eter  I 

To 


by  a  constant. 
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SECTION  IV 

EXPERIMENTAL  RESULTS 

The  initial  phase  of  the  NSL  effort  took  the  forjts  of  a  series  o*' 
experiments  in  which  secondary  isijection  was  used  in  an  axially  sym¬ 
metric  nozzle.  A  variety  of  injection  configurations  were  tested  with 
air  as  the  working  fluid  in  both  the  primary  and  secondary  streams. 

The  objective  of  the  program  was  to  determine  some  of  the  flow  throttling 
and  thrust  control  characteristics  peculiar  to  the  injection  method.  These 
tests  are  the  primary  concern  of  this  section  of  Ihe  report.  The  first 
portion  of  this  section  is  devoted  tc  a  descriptive  discussion  of  the  model 
and  test  conditions.  The  remainder  of  this  section  is  a  presentation  of 
the  test  results. 

A.  MODEL  DET-A,ILS  AND  TEST  CONDITIONS 

1.  Air  Supply  System 

The  stjpply  systems  for  both  primary  and  secondary  air  are  shown 
in  the  schematic  diagram  of  Fig.  10.  Air  for  the  primary  flow  was  pumped 
by  Chicago  Pneumatic  Compressors  through  a  drier  into  three  storage 
tanks  denoted  as  receivers.  As  it  flowed  from  the  receivers,  the  air  was 
throttled  by  the  main  control  valve  before  flowing  through  a  surge  tank  to 
the  primary  flowmeters.  The  flowmeters  were  used  to  measure  the  mass 
flow  of  primary  air  flowing  through  the  model.  After  passing  through  the 
flowmeters,  the  air  passed  through  a  bellows  system  and  into  the  model 
settling  chamber.  A  thermocouple  located  just  upstream  of  the  flow¬ 
meters  was  used  to  obtain  the  stagnation  temperature  of  the  primary  air. 

A  150  psia  Heise  gage  was  used  to  measure  the  primary  stagnation  pres¬ 
sure.  This  stagnation  pressure  was  maintained  at  a  constant  level  regard¬ 
less  of  tne  amount  of  primary  flow  throttling.  The  primary  stagnation 
pressure  (po)  was  100  psia  in  nearly  all  of  the  runs  in  the  test  program 
(exceptions:  75  psia  and  SO  psia). 
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The  secondary  air,  during  most  of  the  tests,  was  obtained  from 
banks  of  standard  air  bottles  having  an  initial  pressure  of  2500  psi. 

For  the  last  group  of  runs,  however,  a  storage  tank  and  compressor 
(1500  psi  ouiSvl  pressure)  replaced  the  bottled  air  supply.  Both  sources 
delivered  air  to  the  same  pressure  regulating  system.  Two  manually 
operated  secondary  flow  control  valves,  downstream  of  the  tiowmeter, 
were  used  to  obtain  the  desired  secondary  stagnallon  pressure  which 
was  measured  with  a  3000  psia  Heist  pressure  gage.  As  in  the  primary 
flow,  a  Rubicon  potentiomet«T  was  used  to  measure  the  output  of  a  stag¬ 
nation  temperature  thermocouple  located  upstream  of  the  flowmeter 
The  secondary  air  flowed  through  a  pair  of  flexible  hoses  before  enter¬ 
ing  the  model  secondary  settling  chamber. 

2.  Model  Arrangement 

The  model  arrangement  is  shown  in  some  detail  in  Fig.  11a. 

Strain  gage  techniques  were  employed  to  measure  directly  the  forces  of 
interest  on  the  model.  Nozzle  thrust  was  measured  with  the  NSL  wrtll 
b.ilance,  and  a  pair  of  balances  mounted  on  either  side  of  the  model 
determined  side  force  magnitude  and  position. 

The  primary  air  flowed  through  four  bellows  in  a  system  designed 
to  transmit  a  minimum  of  interfcrcnc..  forces  to  the  model.  As  shown 
in  Fig.  lib,  each  bellows  had  a  pair  of  thin  arii!  restraints  mounted  on 
either  side.  These  restraints  restricted  bellows  distortion  while  allowing 
model  displacement  {due  to  thrust)  to  occur  without  opposition.  After 
passing  through  the  bellows,  the  primary  air  flowed  into  the  model 
through  3  tec  designed  to  give  a  minimum  resultant  net  force  on  .le 
model. 

The  A-eight  of  the  model  s-, utem  shown  in  Fig.  11a  was  supported 
by  a  counterweight  so  that  only  small  tare  forces  acted  on  the  moment 
balances  with  no  flow  through  the  model.  A  long  cable  and  pulley  were 
used  in  the  counterweight  system  so  that  the  only  resistance  to  thrust 
took  the  form  of  a  small  friction  force  in  thi  Oulicy. 

The  strain  gar.e  balance  calibrations  were  performed  with  the 
secondary  air  system  pressurized  and  primary  air  flow  ranging  from 
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zero  tD  the  maximum  design  value  of  one  pound  per  second.  During 
calibration  runs  a  specially  designed  pipe  tee  replaced  the  nozzle  if 
the  model.  This  tee  exhausted  the  primary  aii  directions  normal  to 
the  model  axis  In  an  effort  to  minimize  interference  forces  which  would 
affect  the  thrust  calibration.  Similarly,  a  negligible  effect  on  die  side 
force  calibration  was  obtained  by  the  exhaust  of  equal  flows  in  opposition 
to  one  another  (a  drawing  o^  the  nozzle  details  showing  the  tee  location 
is  shown  in  Fig.  12). 

The  results  of  the  thrust  calibration  indicated  that  the  primary 
flow  had  essentially  .no  effect  on  the  measurcmei'«s  This  is  attributed 
to  the  flexibility  of  the  bellows  system.  Thrust  effect  on  side  force  was 
appreciable  but  this  was  unavoidable  due  to  the  thrust  force  being  trans¬ 
mitted  to  the  wall  balance  by  the  side  force  balances. 

A  photograph  of  the  model  installation  is  shown  in  Fig.  13. 

3.  Nozzle  Design 

The  details  of  the  nozzle  portion  of  the  model  are  shown  in 
Fig.  12.  The  primary  nozzle  was  conical  and  designed  to  expand  the 
flow  to  atmospheric  pressure.  The  design  flow  rate  was  one  pound  per 
second  with  a  stagnation  pressure  of  100  psia  and  a  stagnation  tempera¬ 
ture  of  530* R.  The  exit  Mach  number  of  the  nozzle,  according  to  the 
exit-to-throat  area  ratio,  was  2.1, 

The  complete  nozzle  was  assembled  from  three  separate  pieces 
with  the  bolted  back  plate  holding  the  assembly  in  its  proper  orienta¬ 
tion.  The  centrs’  portion  of  the  nozzle  was  changed  for  each  new  in¬ 
jection  configuration.  Two  static  pressure  taps  were  located  near  the 
nozzle  exit. 

A  pressure  tap  in  the  wall  of  the  primary  settling  chamber 
measured  the  primary  flow  stagnation  pressure  while  a  pressure  tap  in 
the  outside  wall  of  the  secondary  setUtag  chamber  was  used  to  measure 
the  secondary  flow  stagnation  pressure.  This  seror.dary  stagnation 
pressure  was  varied  between  70  and  300  psia.  The  injection  area  was 
such  that  a  pressure  of  500  psia  produced  a  seconda.’-y  flow  of  about 
0.  15  lb  per  second.  The  primary  stajnation  pressure  {100  paia)  and 
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thtotUingl  ptmiary  Haa-  of  approaima-.cly  1  lb  per  seeoad. 

■i-  Injection  Configurations 

The  significant  configurations  that  were  tested  are  de..-ri»-,.d  k. 
low  by  the  pertinent  information  concerning  orifice  geo.metry.  etc.  ^  ' 


Configuration 


No.  Holes  Hole  Dia.  {in.) 


^fdeg.)  Slot  Width 
_  _  (in.) 


c 

16 

0.032 

9U 

D 

t  e 

0.  032 

lO 

60 

E 

8 

0.032 

60 

p 

32 

0.032 

60 

G 

16 

0.0465 

^  A 
VV 

H 

32 

0.032 

60 

S4.-rc  as  F  except  that  injection  holes  are 
slightly  upstream  of  nozzle  throat 
J  _ 

^0  0. 020 

■J  «cept  that  injection  is  from 
t^^•c  diametricallv  opposite  quadrants 

^  0.0292  60  _ 

^  0.0465  60  _ 

Diameter  given  corresponds  to  throat  .of 
nozxlc  shaped  holes  with  a  design  injection 
(exit)  Mach  number  of  1.3.  These  holes 
exhau.,tcd  air  at  a  station  slig.htly  upstream 
of  the  thro.it. 

Unless  otherwise  specified  all  orifices  ar^  .,t  _ <  .. 

»p.iceo  around  the  circumference  The  . T'"®  ‘•"'“•‘t  a.id  equally 

ousiy.  ,8  the  angle  included  between  the  p'^^a-v 
of  .njecuon.  Unless  otherwise  speciiicd  roV^a." 
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Configuration 


L 

r 


M 


M 


No.  Holes 

Hole  Dia.  (in.l 

6  (deg.) 

Slot  Width 

t\r\  \ 

3 

0. 0465 

yc 

U.032 

bO 

The  primary  nozzle  shape  was  modified  to 
produce  a  slightly  smaller  pressure  gradient 
in  the  throat  reeion.  In  addition,  the  injeetion 
holes  were  located  slightly  upstream  of  the 
throat. 

16  0.032  60  - 

16  0.0  32  60  - 

Primary  stagnation  pressure (pa)  =  75  psia. 

16  0.032  60  - 

Primary  stagnation  pressure  (pg)  =  5C  psia. 


There  were  a  few  additional  configurations  tested  which  are  not 
listed  above.  In  these  configurations  secondary  air  was  injected  at  a 
station  about  two  thirds  of  the  throat  radius  upstream  of  the  throat.  Since 
the  results  obtained  were  not  significant,  no  further  mention  of  these  con¬ 
figurations  will  be  made. 

The  asymmetric  injection  configurations  tested  were  merely  modi¬ 
fications  of  the  oner,  that  appear  in  the  above  Uble.  As  shonTi  in  Fig.  12, 
the  secondary  air  Oowed  through  threaded  holes  before  b*-ing  exhausted 
from  the  various  types  of  injection  orifices.  Therefore,  to  produce  asym¬ 
metric  injection,  screws  and  sealing  gaskets  were  used  which  blocked  the 
passage  of  flew  to  various  holes.  Co-nfigu rations  C,  D,  F,  G,  L,  and  J 
were  so  modified  to  obtain  asymmetric  injection  data.* 


The  subscript  s  is  used  to  denote  an  .isymmetric  injection  configura¬ 
tion  {for  example,  F^). 
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P.  TEST  RESULTS 

1.  Flovs.-  Throttling 

The  e::periirscntai  flow  throttling  perforinance  tf  the  various  -on- 
figurations  in  the  Phase  I  program  is  presented  ir>  the  fc-l!c*ving  para¬ 
graphs.  The  data  vs  compared  to  the  corresponding  theoretical  results 
for  the  sheet  flow  and  secondary  expansion  configurations. 

A  few  words  of  cvnlanaHon  ar**  in  n^der  concerning  thi.  analytics] 
riiodel  flow  calculations.  The  basis  of  the  theoretical  calculations  was 
the  same  for  every  injection  conriguration.  It  was  assumed,  for  instance, 
tliat  the  flow  Ihrottii.-.g  which  occurred  in  the  noazie  (shown  in  Fig.  ii) 
took  place  in  a  relatively  short  axial  distance.  Thus,  the  primary  pres¬ 
sure  ratio  was  taken  as  pj/pt  =  0.5283  (Mj  =  1)  and  the  throat  area 
(0.430  in.^)  was  assumed  to  be  sR,".  In  all  cases,  of  coi  rse,  air  was 
the  working  fluid  in  the  primf.ry  and  secondary  streams.  The  measure¬ 
ments  of  primary  and  seconthiry  stagnation  temperatures  (about  530*R) 
indicated  that,  for  analytical  calculation  purposes,  a  value  of  unity  was 
a  good  approximation  for  the  secondary-to-primary  stagnation  tempera¬ 
ture  ratio.  Since  the  analytic.^}  methods  do  not  contain  an  orifice  co¬ 
efficient  (C)  in  the  secondary  mass  flow  equation,  the  area  ratio  'nRi* 
was  replaced,  in  the  a.nalytical  calculations,  by  C  .  This 

procedure  was  adopted,  somewhat  -rbitrarily,  so  Uiot  the  theoretical 
and  experimental  stagnation  pressure  ratios  pj  /po  would  be  about  the 

same  for  a  given  w  /w  .  The  value  of  6  was  60*  in  everv  ronfieura- 
s  pd  .  h 

tion  except  one  (see  configuration  list  on  page  38). 

The  flow  throttling  results  obtained  with  configurations  C,  D,  E. 
and  F  are  shown  in  Fig.  14.®“  Primary  flow  ratio  is  plotted  against 
secondary  flow  ratio  with  the  data  normalixed  by  the  w  value  appro¬ 
priate  to  the  particular  .-onfigur.ition.  This  plot  ''ho”-s  configurations  in 


.An  approximation  lo  the  average  value  ot  U  was  used  for  each  con¬ 
figuration. 

The  experimental  urm  rtainties  (for  al!  of  'h**  Phase  1  data)  in  the  fSov 

measuremeiils  .iri  iO.Oi  -n  v.  w  .in-s  x.u.003  in  w  'v 

t'  Pe  s  Dk 
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all  of  TSThich  the  injection  orifices  are  holes  0.032  inches  in  diameter.  It 
is  apparent  that  the  acreement  between  theory  and  experiment  is  not  %'ery 
good  at  #  =  9C'  However,  at  o  =  60*  the  data  appears  to  corroborate 
me  theoretical  {jiuuds.  Tl.ia  difference  in  pcrfcTm?"'--  anight  he  the 
result  of  a  shorter  axtal  distarsce  in  which  ihr 

by  a  d  of  60*  wherein  the  secondary  flow  is  directed  upstream.  The 
number  of  injection  holes  Svideutly  docs  not  affect  expcriment.al  agree¬ 
ment  with  the  theoretical  models. 

In  Fig.  15  the  primary  flow  ratio  of  configurations  F  and  H  is 
plotted  against  secondary  flow  ratio.  Configuration  H  is  the  same  as  F 
except  for  its  injection  orifi<-«  »  being  effectivelv  (aozaic  contour  slightly 
modified)  moved  to  a  position  slightly  upstream  of  the  nosale  throat. 
There  is  essentially  no  difference  in  performance  between  these  two  con¬ 
figurations. 

Primary  flow  ratio  is  plotted  against  secondary  flow  ratio  for 
configurations  G,  L,  and  in  Fig.  16.  Although  the  L  configuration* 
bad  injection  orifices  designed  foi  supersonic  flow,  it  is  believed  that 
such  flow  was  never  achieved,  ihc  pj^/ps  pressure  ratios  artnally  nm 
were  too  low  to  fill  the  orifice  noaale  with  supersonic  flow.*  Further¬ 
more,  the  flow  fljrottling  of  the  L  configurations  i*  essentially  the  same 
as  that  of  the  G  one  which  has  sonic  injection  orifices.  In  spite  ol  the 
different  {irost  that  in  Figs.  i4  and  i5i  orifice  diameter  of  0.0465  inches, 
fee  data  agrees  with  fee  corresponding  results  of  the  analytical  models. 

In  addition,  the  number  of  such  holes  iL  wife  16,  wife  3)  also  does 
not  affect  agreement  between  theory  and  experiment. 

Fig^jir  1'  shows  the  throttling  performance  of  configurations  K, 

J,  and  J_.  The  primary  flow  variation  with  secondary  ilow  i#  seen  to 
be  essentially  fee  same  for  configarations  K  and  J.  This  agreement 
indicates  that  there  is  no  important  difference  between  slot  and  orifice 
injection.  Co^^figuration  J^.,  in  which  flow  vsfi  injected  from  opposite 


me  analytical  results  therefore  assumed  tiiai  she  entenn 
flow  did  not  expand  to  supersonic  speed. 
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quadrants  of  the  slot,  yields  the  same  throttling  variation  as  'hat  ot  J. 
This  result  shows  a  rather  surprising  independence  of  performance 
from  the  injection  arrangement.  All  of  the  data  in  Fig.  17  shows  good 
agreement  with  the  analytical  results. 

The  flow  Uirottlir.'J  oerfnrman.  <»  n(  r*  »»  .  .  % 

w  *  •  '>  ^'^-Q***  *  J  *•*»  cn*u  4V1 

ar«»  compared  to  the  corresponding  analytical  results  in  r'ig.  lo.  The 
theoretical  models  are  apparently  substantiated  by  the  onperimental 
data.  In  these  configuratiers  the  injection  orifices  are  0.032  inch 
diameter  holes  but  the  nozzle  contour  in  the  M  case  is  modified  as 
shown  in  Uie  sketch  below. 


This  .M  contour  produces  a  slightli  smaller  pressure  gradient  in  the 
diroat  r«gion.  Nevertheless,  the  'hrottling  performance  achieved  by 
the  M  configuration  is  not  significantly  different  from  that  of  F,  or, 
for  that  matter.  M.  .  Although  the  difference  in  throttling  between 
M  .^nd  .?  is  negligLiie,  it  should  be  noted  that  the  changa  in  contour 
produces  only  a  sm-ili  decrease  in  the  throat- regie.*  pressure  gradient. 
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The  lack  of  an  effect  of  the  nun>ber  of  orifices  (as  hete’eor.  M  and 
agrees  with  the  results  above  (in  Figs.  14  and  16). 


Configerations  M. 


M 


_ «  c:.. 


and  M  cre  compared  to  *he  appro- 

y 


^11  «u.. . 


pressure  ratio  was  assumed  to  be  such  that  M.  =  1,  for  the  purposes 
of  the  tlicoretictti  calculations.  The  agreement  of  the  data  with  the 
analytical  results,  in  spite  of  the  various  primary  stagnation  pressures, 
seems  to  support  the  hypothesis  that  the  throttling  process  takes  place  in 
a  relatively  short  axial  distance  where  the  nozzle  area  can  be  considered 
approximately  constant. 

The  flow  throttling  results  for  configurations  F  and  J  are  shown 
in  Fig.  20  where  asymmetric  injection  is  compared  to  symmetric  injec¬ 
tion.  Although  only  configurations  F  and  J  are  shown,  results  are 
similar  with  all  of  the  others.  It  is  obvious  that  asymmetric  throttling  is 
essentially  the  same  aa  symmetric,  on  the  basis  of  a  given  secondary 
flow  rate.  This  result  agrees  with  the  one  obtained  with  configuration  J^, 
and  adds  further  evidence  to  the  supposition  that  flow  throttling  is  inde- 
peudent  of  the  circumferential  injection  arrangement  (/>). 

The  data  obtained  with  configuration  J  is  compared  io  some 
NACA  data  in  Fig.  21.  All  of  the  configurations  are  of  the  slot  type  with 
comparable  injection  areas.  It  is  apparent  that  the  NSL  and  NACA  data 
arc  not  considerably  different.  The  smaller  injection  angle  of  the  NSL 
data  increases  flow  throttling  while  the  higher  pressure  ratio  (  po/p  ) 
has  the  opposite  effect.  However,  as  evidenced  by  the  results  cited 
above  for  configuration  M^,  b'  '  ond  a  pressure  ratio  of  about  3.4  this 
parameter  does  not  seem  to  influence  flow  thiutlling.  it  is  thus  believed 
that  in  the  present  instance  the  difference  in  primary  nozzles  is  of  more 
importance  than  the  primary  pressure  ratio.  The  NSL  and  NACA  data 
are  therefore  reasonably  similar  with  the  difference  attributable  to  the 
differences  in  injection  angle  and  primary  nozzle  geometry. 


The  primary  stag.nation  pressures  were  100,  73,  and  50  psia  for 

M  ,  id  ,  and  M  ,  resoectively. 
r,  rj  •  ' 
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The  results  shown  in  Figs.  14  through  2i  indicate  that  all  of  the 
configurations  tested  have  apprcxtmately  the  same  flow  throttling 
characteristics.  In  addition,  this  flow  throttling  is  significant  compared 
to  the  '-ariatioc.  whifh  in.riHes  constant  total  nozzle  flow.  Theory  agrees 
with  experiment  over  a  ringe  of  injection  variables. 

t.  Thrust  Control 

The  thrust  of  a  conventional  nozzle  is  directly  proportional  to 
the  product  of  its  mass  flow  and  exit  velocity.  However,  it  was  not 
known,  a  priori,  to  what  extent  secondary  injection  might  affect  this  re¬ 
lationship.  Furthermore,  if  the  .N'SL  theoretical  work  had  been  available 
prior  to  the  tests,  it  n»ight  have  beer,  of  little  use  for  information  about 
thrust  variation. 

The  thrust  measurements  obtained  in  the  Phase  I  test  program 
arc  similar  to  those  reported  (and  discussed  in  Section  IIB)  by  the  NACA 
in  Ref.  1.  That  is,  it  was  found  that  the  thrust  is  proportional  to  ‘■.he 
total  (primary  plus  seco.ndary)  nozzle  flow.  The  value  of  a  thrust  param¬ 
eter  defined  as 

r  'To 
w  +  w 

J? 

w 

Po 

was  calculated  for  all  of  the  significant  test  data.  Tr,  and  T  are  the 

measured  thrusts  which  correspond  to  the  measured  flow  rates  w  and 

P9 

Wp  +  w^,  respectively.  Thi.s  thrust  paran>et*r  jvas  found  to  be  between 
0.96  and  1.04  in  over  97  percent  of  the  test  runs  (iiicliides  symmetric 
and  asymmetric  injection  data).  This  range  is  somewha'.  higher  than  the 
thrust  ratio  (0.94  -  0.981  of  the  NAC.A  data  bt.t  the  corresponding  param- 
el.T  {.sec  page  7)  is  not  the  same  as  the  one  above.  In  fact,  the  differ¬ 
ence  in  numerical  results  is  believed  be  due  to  the  difference  in  defini¬ 
tions.  The  N.Ar.A  thrust  ratio  would  tend  to  be  slightly  smalles  since  the 

V  involved  increases  with  w  . 

5  s 

Thus,  It  may  be  said  th.H  the  NSL  and  NACA  data  arc  in  close 
.igrecment  on  the  proporfion.-.lity  of  thrust  to  total  nozz:*-  flo-*.  Futlhci  - 
n.o.e,  iJie  proportion  m.-ikcs  it  appear  that  the  exhaust  ..locity  of  the 
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nozzle  remains  essentially  constant-  Esa:r.i;!atioii  uf  parrictiiar  data. 
howe%'er,  shows  a  significant  t.-end  in  the  variation  of  thrii.st  with  total 
nozzle  flow. 

Titc  tiiiusl  ratio  T/To  ami  total  tlow  ratio  (w  +  w  ),'w  ol  con- 

P  **  Po 

figurations  F,  J,  and  K  are  shown  as  a  function  of  secondary  flow  in 
Fig.  22.  The  results  shown  are  typical  ot  acynimetric  as  well  as  sym¬ 
metric  injection  configurations.  .Although  it  is  not  apparent  in  the  case 
of  configuration  F,  the  others  shov;  an  obvious  difference  between  T/Tq 
and  (w  +  w  )/w  which  is  an  increa.sinc  function  of  secondary  flow  rate. 
Thus,  it  appears  probable,  and  reasonably  so,  that  there  is  a  loss  in 
exhaust  velocity  which  increases  with  secondary  flow.  This  might  be 
considered  as  a  loss  in  throttling  efficiency  from  the  viewpoint  which 
seeks  a  maximum  from  the  propulsive  potential  of  the  total  nozzle  flow. 

In  spite  of  the  efforts  (mentioned  earlier)  to  make  it  otherwise, 
nozzle  thrust  and  primary  flow  had  a  pronounced  effect  on  the  calibration 
of  the  side  force  balances.  In  fact,  this  effect  was  large  enough  so  that 
a  severe  limit  was  imposed  on  the  accuracy  of  the  side  force  measure¬ 
ments.  Nevertheless,  asymmetric  configurations  were  tested  and  a 
few  qualitative  remarks  may  be  made  about  the  corresponding  results. 

Configurations  C,  D,  F,  G,  L,  and  J  were  modified,  as  men¬ 
tioned  previously,  to  permit  side  force  evaluations.  In  these  configura¬ 
tions  injection  took  place  over  an  arc  of  about  one  quarter  or  one  half  of 
the  circumference.  In  all  cases,  the  side  force,  as  expected,  was  toward 
the  side  of  the  nozzle  from  which  the  secondary  flow  was  injected. 

The  side  force  wae  found,  as  in  the  UAC  and  NACA  tests,  to  be 
proportional  to  the  secondary  flow  rate.  However,  the  magnitude  of  the 
side  force  was  discernible  only  to  the  extent  that  it  was  of  the  order  of 
the  secondary  flov.  reaction  force.  The  effect  of  the  circumferential  in¬ 
jection  angle  (P)  was  not  ascertainable  from  the  data. 

3.  Nozzle  Pressure^ 

The  primary  nozzle  was  instrumented  with  two  pressure  taps 
which  were  used  to  measure  the  static  pre.ssurc  near  the  nozzle  exit. 

^The  c.sperimertal  uncvrlrtinty  ;n  T '^To  is  approximately  il  percent. 
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The  data  obtained  from  configuration*:  K  ano  J,  for  symmetric  and 
asymmetric  injection,  is  plotted  in  as  a  lunctiun  of  seiondary 

flow  ratio."  The  data  is  ronnected  by  slraighl  I'nes  merely  fv.r  th- 
Mui'pcsc  o;  ci'*r'*y  "''he  data  shown  fir  these  ci>nfii>uratior.=  ts  typical 
ot  tne  measurements  corr esi>>»in.lir.a  to  the  other  configurations.  Sta¬ 
tion  a  is  upstream  of  station  b,  and  t-.c  pressure  taps  arc  asiallv  in 
line  with  one  another  (see  sketch  on  page  42).  It  is  apparent  that  in  the 
case  of  symmetric  injection  pj^  increases  or  decreases  only  slightly 
with  increasing  secondary  flow  rate.  In  some  cases  it  remains  essen¬ 
tially  constant.  At  station  a,  however,  the  static  pressi  re  tends  to 
decrease  with  increases  in  secondary  flow. 

In  sharp  centrast  to  these  effects  are  those  of  the  data  for 
asymmetric  injection,  it  should  be  pointed  out,  however,  that  the 
pressure  taps  arc  located  on  the  inje.-tion  side  of  the  noar-le  at  about  tlie 
middle  of  the  circumferential  ang'e  of  injection  (/3l.  The  asymmetric 
injection  data  shows  a  pronounced  decrease  in  static  pressure  with  in¬ 
creasing  secondary  flow  rate.  In  spite  of  the  appa rent  diffe rence  in  tin. 
shape  of  the  data  between  configurations  and  J^,  the  flow  behavior  in 
both  is  believed  to  be  basically  the  same.  In  both  configurations,  asym¬ 
metric  injection  decreases  the  pressure  downstream  of  the  injection 
zone.  Furthermore,  this  decrease  evidently  extends  to  the  end  of  the 
nozzle  since  the  downstream  pressure  tap  is  also  affected.  However, 
the  configuration,  probably  due  to  the  difference  in  (3,  shows  .1 
significantly  gre.iter  rate  of  pressure  decrease  than  the  F^  configurn'ion. 
T'nus,  the  subse(|ucnt  rise  in  pressure,  first  at  station  b  and  then  at 
station  a,  indicates  that  the  flow  separated  (at  least  locally)  from  the 
nozzle  wall.  .After  separation,  the  pressures  n.aturally  approach  the 
ambient  atmospheric  level  (p  'pg  =  0.147).  The  F^  configuration,  i.-,  con¬ 
trast,  shows  te.at  separ.iiton  dni  not  take  placv  since  both  pressures  de- 
creaseti  tn  a  monotor.ie  faslnon. 

•Also  .shown  in  Fiu.  25,  for  :>urpo:.es  of  comparison,  are  the 
p.-i  ssure  level;,,  it  : or  s  •  in''  b,  whieh  t  .'irrcspond  to  isentropic , 

'The  exp  ■  nmental  um  e rt.t tnt\  in  lh<>  no/..'lc  pressure  measurements  ts 
nci'ligible  on  the  se.ili-  shown  '.n  Fi-j.  2  5. 
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cne -dimensional  flow  in  the  basic  nozzlf.  The  d?*'*  is  typii-ai  '.n 

that  the  measured  pressures  were  equal  ta  a.  lw-».  r  "linu  the  ideal  vaiue 
at  station  a  while  the  data  at  station  b  was  always  higher  thaii  thi'  id.  ai 
value,  fh"  p»‘<*s<»nr<»  of  the  nozzle  boiin'l^rv  layer  tends  to  reduce  the 
flow  area  and.  thus  the  Mach  number.  A  tower  Mach  number  corre¬ 
sponds  to  a  higher  pressure  such  as  that  shown  at  station  b.  However, 
the  same  effect  is  not  evident  at  station  a  -ince  the  local  acceleration  of 
the  flow  at  the  wall  in  the  throat  region  (where  the  nozzlt  shape  makes 
the  flow  two-dimensional)  extends  some  distance  downstream. 

The  decreases  in  static  pressure  s.hown  in  Fig.  2-i  suggest  cer¬ 
tain  possibilities  arith  regard  to  ilow  behavior.  Such  a  decrease  in  static 
pressure  seems  to  indicate  a  local  acceleration  of  the  How  at  least  near 
the  wall.  However,  the  opposing  effects  of  viscous  losses  and  increasing 
secondary  stagnation  pressures  may  change  po  from  the  constant  vaiue 
of  100  psia  assumed  in  Fig.  23.  Furthermore,  the  flow  at  the  wail  may 
be  mostly  secondary  flow  as  part  of  a  large  injection  zone  which  extends 
downs*  ream  from  the  nozzie  throat.  Nevertheless,  it  appears  that  the 
flow  at  the  wall  may  be  accelerated  downstream  of  the  injection  station. 

In  the  case  of  symmetric  injection  the  flow  acceleration  (compared  to 
w  =  0)  might  be  followed  by  a  weak  shock  wave  between  stations  a  and  b 
(area  ratios  A/A^  of  approximately  1,47  and  1.81,  respectively).  This 
would  explain  the  decrease  of  static  pressure  at  station  o  being  greater 
than  that  at  station  b.  In  the  case  of  asymmetric  injection  the  process 
might  be  similar  but  aniplified  in  the  region  local  to  injection,  i.e,, 
directly  de  nstream  of  the  injection  zone.  That  is,  the  decrease  in  /3 
for  a  given  secondary  flow  rate  might  produce  a  greater  region  of  dis¬ 
turbed  flow.  The  corresponding  increase  in  local  acceleration  would  then 
explain  the  greater  (compared  to  symmetric  injection)  decrease  in  static 
pressure.  Furthermore,  the  increas-vl  regio.n  of  disturbed  flow  might 
also  move  the  shock  wave  downslreain.  This  would  then  explain  the  be¬ 
havior  of  the  asymmetric  injection  pressure  measurements. 
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SECTION*  V 


COKCI-USIOMS  AMD  FUTURE  WORK 


The  theoretical  and  experimental  results  presented  herein  lead 
to  certain  conclusions  regarding  thrust  control  with  secondary  in¬ 
jection. 

1.  A  relatively  simple  analytical  flow  mode!  was  de-vised  which 
assumes  isentropic,  one-dimensional  flow  in  a  constant  area  channel. 
This  model  yields  flow  throttling  results  which  correlate  tltc  experi¬ 
mental  data. 


3.  The  iiow  vhrottling  a\  hiov*ed  witti  scconuarv  tnjec.tc..  is  stg 
nificant  and  roughly  the  same  for  all  oi  the  configurations  tested.  The 
reduction  in  primary  flow  is  about  times  the  injected  secondary  flow. 


3.  Flow  throttling  is  insensitive  to  the  orifice  arrangement 
(slot  versus  holes,  etc.)  in  symmetric  and  asymmetric  injection. 


4.  Flow  throttling  is  not  changed  by  variations  in  the  overall 
primary  pressure  ratio  when  the  level  is  in  the  supersonic  range. 

5.  Overall  primary  pressure  ratios  in  the  transonic  range  in¬ 
crease  the  sensitivity  of  flow  throttling  to  injection  area. 

b.  Flow  throttling  varies  significantly  witli  injection  angle  {^). 

7.  The  circumferential  angle  of  injection  (3)  has  .no  effect  on 
flow  throttling  (based  on  a  given  secondary  flow  rate). 


8.  Primary  r.osnle  geometry  is  important  hut  it.s  importance  is 
affected  by  the  overall  primary  pressure  rat.j.  The  effect  of  geometry 
is  attenuated  by  increasing  primary  pressure  ratio. 


9-  Thrust  is  directly  proportional  to  total  nor./.lc  flow.  The 
proportionality  constant,  however,  decreases  slowly  from  a  value  of 
one  with  increasing  secondary  flow  (for  both  symmetric  and  asymmetric 
injection). 
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The  second  major  phase  of  NSL  work  began  with  an  ,  xperirnental 
study  uesiijned  to  investigate  the  basic  nature  of  the  injection  process. 
According  to  original  plans,  the  water  table  technique  was  to  have  been 
used  for  this  experimentation.  However,  as  mentioned  in  Section  IIIB. 
this  method  was  abandoned  in  favor  of  a  two-dimensional  gas  model. 
Some  tests  have  been  performed  with  this  type  ot  model  and  the  technique 
worked  so  well  that  it  was  decided  to  pursue  the  remainder  of  the  investi¬ 
gation  with  this  apparatus. 

1  he  remainder  of  work  being  planned  is  designed  to  study  further 
the  feasibility  of  thrust  control  with  gas  injection.  The  experimental 
portion  will  investigate  the  effects  of  injection  angle  (  ^),  throat  region 
geometry  and  injection  location.  The  analytical  work  presented  herein 
will  be  modified,  where  necessary,  to  correlate  additional  data.  In  ad¬ 
dition,  the  NSL  analytical  method  will  be  used  to  predict  results  for  real 
engine  conditions  (as  the  method  permits)  as  well  as  others  of  interest. 
In  this  connection,  recent  calculations  have  indicated  very  favorable  re¬ 
sults  with  low  molecular  weight  gases  (secondary  tlow)  such  as  helium. 
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Figure  9.  Comparison  of  Flow  Throttling  Results  for 
NSL  and  Modified  Martin  Models 
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Figure  10.  ScheiT'at'.c  Diagram  of  Primary  and  Secondary  Ai*  Supply  Systems 
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Figure  11a.  Model  Arrangement 
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Figure  12.  NokzIc  Dctailn 
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Figure  13.  Modei  installation 
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SOLID  CURVES  INDICATE  SECO^iDARY  EXPANSION  CASE 
DASHED  CURVES  INDICATE  SHEET  FLO./  CASE 
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Figure  IS.  Effect  of  Slight  Variation  :r.  Pritr.ar> 
Nozzle  Contour  on  Flo-.v  Throttlin™ 
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Figure  19.  ir.ilucr.rc  of  Primary  Pressure 
R.it-.o  on  FIo-a-  Tj.roli.ing 
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